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This is an important consideration in our selection of Japan Prize recipients. 
am 7 This award, intended for international scientists and technologists, is given to people acknowledged 
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The GE & Science Prize for Young Life Scientists. 
Because brilliant ideas build better realities. 


Imagine standing on the podium at the Grand Hotel in Stockholm, making your 
acceptance speech for the GE & Science Prize for Young Life Scientists. Imagine 
having your essay read by your peers around the world. Imagine discussing your 
work in a seminar with other prize winners and Nobel Laureates. Imagine what you 
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Ph.D. in molecular biology in 2010, then submit your 1000-word essay by August 1, 
and you can make it a reality. 


Want to build a better reality? Go tolwww.gescienceprize.org| 
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Three possible phases of the kagome Heisenberg antiferromagnet, 
a model of geometrically “frustrated” magnetism: the diamond- 
pattern valence bond crystal (lower left), honeycomb valence 

bond crystal (lower right), and quantum spin liquid (upper empty 
wedge). Deviations of bond strengths from their average values are 
shown by bond widths and colors (red, stronger; blue, weaker). The 
simulations of Yan et al. show that the true ground-state 
phase is the quantum spin liquid. 
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Vibrational spectroscopy coupled with isotopic 
substitution can probe protein structure. 


T. Mukherjee et al. 
Ligand-independent Notch signaling 
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Highlights From Our Daily News Coverage 


On the Fly, German Doctors Find Treatment 
for Deadly E. coli Infections 
But some question the evidence for efficacy. 
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Satellite Imagery Uncovers Up to 
17 Lost Egyptian Pyramids 


Eyes in the sky spy buried archaeological treasures. 
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Who Needs a Moon? 
Earth-like extrasolar planets could be suitable 
for life even if their rotation is not stabilized 


ittp://scim.ag/no-moon| 
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Generating Sawtooth 
Oscillations >> 


Earth's magnetosphere is subject to sawtooth oscillations as it responds to 
the constant battering of the solar wind, the stream of charged particles 
coming from the Sun. Although observations have uncovered many of the 
properties of this type of disturbance, the mechanism that generates it is 
unclear. Based on numerical simulations of the interaction of the solar wind 
with the magnetosphere and the ionosphere, Brambles et al. now 
show that the flow of O* ions from the ionosphere to the magnetosphere can 


produce sawtooth oscillations. 


Toxic Selection 


Arsenic is highly toxic to living organisms 
because it disrupts metabolic pathways, but, 
chemically, arsenate behaves in a similar way 
to phosphate, and it is theoretically possible 

for organisms to substitute one for the other 
under certain conditions. Wolfe-Simon et al. 
published online 2 December) have 
found a living example of a bacterium that does 
not find arsenate poisonous (see related Edi- 
tor’s Note, Technical Comments, and Response 
[p. 1149}. Isolates of a halomonad bacterium, 
originating from the toxic and briny Mono Lake, 
California, were selected by successive labora- 
tory culture in which phosphate was gradually 
replaced by arsenate until the bacteria were 
growing in the absence of the usual salt. Further 
analysis indicated that arsenate had substituted 
for phosphate in the bacterium’s constituent 
molecules, even replacing phosphate in its DNA, 
as well as in its proteins and metabolites. 


Which Path? That Path 


A consequence of quantum mechanics and 
the Heisenberg uncertainty principle is that 
complementary variables (for example, position 
and momentum) cannot both be determined 
precisely. Measuring one variable nec- 
essarily results in loss of information 
about the other. The best example is 
the two-slit interferometer and the 
interference pattern that occurs 
when light or single photons 
or electrons are transmitted 
through it. Determining 
which slit the particle 
goes through (position) 
destroys the interference pattern (momentum). 
Kocsis et al. see the News story by 


Cho) implement a recent theoretical proposal in 


which an experimental protocol involving weak 
measurements could answer the “which path 

did the photon take” question. The results may 
impact the foundations of quantum and classical 
physics and potentially find practical application 
in metrology. 


Going to Ground 


In solids with antiferromagnetic interactions, 
where spins on neighboring lattice sites prefer to 
align opposite to each other, geometric frustra- 
tion occurs if the spatial arrangement of the sites 
is incompatible with the preferred spin orienta- 
tion. In frustrated systems, some fluctuations 
remain even at zero temperature, and calculating 
the true ground state is difficult. The kagome 
lattice with spin 1/2 particles interacting through 
the Heisenberg Hamiltonian has been one of 

the most-studied frustrated systems, and recent 
numerical results indicated that its ground state 
may be a valence bond crystal. Now, Yan et al. 
published online 28 April; see the 
cover) use the density matrix renormalization 
group method to reveal that a lower-energy state, 
that of a spin liquid, exists where magnetic order 
is absent even at zero temperature. Excitations of 
the ground state appear to be gapped, suggest- 
ing that the true ground state of this system is a 
gapped spin liquid. 


Monolayer Generates 
Reversible Change 


The strength and toughness of a metal or alloy 
can be strongly affected by surface layers that 
may alter the corrosion resistance, the ability 
of dislocations to migrate, or the formation of 
notches that may lead to larger cracks. Jin and 
Weissmiiller see the Perspective by 


Sieradzki) explore the effect of a monolayer 

of oxygen species on the surface of nanoporous 
gold on the plastic yield strength and subsequent 
flow strength. Nanoporous gold was filled with 
an electrolyte that only weakly absorbed onto 

its surface. Applying a small electrical potential 
changed the absorption and desorption of oxygen 
at the gold surface, allowing reversible change 
of the breaking strength, the stress required to 
initiate plastic deformation, and the amount of 
plastic deformation the material will tolerate. 


lo’s Magma Revealed 


Jupiter's moon, lo, is the most volcanically ac- 
tive body in the solar system, but the presence 
of a magma ocean in its interior has long been 

a matter of debate. Khurana et al. 
published online 12 May; see the Perspective 

by Coates) reanalyzed magnetic field measure- 
ments acquired by the Galileo spacecraft. lo’s 
inductive response to Jupiter's rotating magnetic 
field indicates the existence of a globe-encircling, 
electrically conducting magma layer at depth. 


Benefits Depend 
on Context 


Simple genetic interactions can often result in 
beneficial phenotypes under selection. However, 
examples of complex epistastic interactions 

(in which multiple genes interact, resulting in 

a nonadditive phenotype) and their selective 
effects are less well known (see the Perspective 
by Kryazhimskiy et al.). Khan et al. 
examined the epistatic interactions throughout 
an entire genome by taking the first five muta- 
tions to appear in an experimentally evolving 
population of bacteria, and constructed strains 
carrying all combinations of these mutations. 
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This Week in Science 


For four out of these five mutations, the benefit conferred by the mutation negatively correlated with 
the fitness of the progenitor, which suggests that the rate of adaptation slows as fitness increases 
because of negative epistasis between beneficial mutations. Chou et al. addressed how 
mutations interact with one another by estimating fitness and phenotypic measurements for the 
ancestor, descendent, and intermediate genotypes and found that epistastic interactions within a ge- 
nome are primarily antagonistic. Together these studies suggest that adaptation involving the wider 
context of whole genome networks may behave entirely differently from the adaptation of single loci. 


DNA Computing 


One goal of so-called “synthetic biology” is to enable construction of molecular circuitry that can 
control biological systems or even diagnose and treat living cells from within. Qian and Winfree 
see the Perspective by Reif) describe a system of over 100 distinct DNA strands of 15 to 
30 nucleotides whose binding and replication can be controlled to perform AND, OR, NOT, NAND, 
and NOR logic gates logic operations. The system allowed mathematical computation of square 
roots in a few hours. In addition a compiler was designed that could translate a logic circuit into its 
equivalent circuit built of DNA sequences. The strategies used are scalable to build larger circuits, 
assure reliable digital behavior of the system, and suggest the possibility of embedding designed 
intelligent systems within biological systems. 


Caught in the Act 


Adenosine triphosphate (ATP)—binding cassette (ABC) transporters use the energy from ATP hydrolysis 
to transport substrates across a membrane against a concentration gradient. The transporters func- 
tion by alternating between two conformations that expose the substrate-binding site to either side of 
the membrane. Oldham an Chen published online 12 May) determined the structure of an 
intermediate pretranslocation state of the maltose transporter bound to the periplasmic maltose bind- 
ing protein with maltose bound. The substrate binding induces partial closure of the interface between 
the two cytoplasmic ATP domains, which accelerates ATP hydrolysis and progression of the productive 
conformational reaction cycle of the transporter. 


Vibrations Beyond the Active Site 


Vibrational spectroscopy allows for probing the chemistry of enzymatic active 
sites with a time resolution roughly a million-fold higher than in nuclear magnetic 
resonance techniques. However, few studies have succeeded in applying vibra- 
tional probes to more global structural elucidation, encompassing secondary and 
tertiary organizational features. Remorino et al. used two-dimensional 
vibrational echo spectroscopy to uncover the structure of a tertiary contact in the 
helical dimer of an integrin protein that straddles the cell membrane. The method 

extracts geometries by measuring distance-dependent rates of vibrational 
energy transfer between isotopically labeled amino acid residues at specific 
sites in the peptide sequence. 


Real Life Hif-o 


Hypoxia-inducible factor—o (Hif-c) has been linked to Notch in the regulation of stem cell mainte- 
nance, tumor cell migration, and melanoma development. However, the Hif-c/Notch interaction in 
vivo has largely remained uncharacterized. Using genetic tools in Drosophila, Mukherjee et al. 
describe an in vivo role for Hif-o in the activation of full-length Notch receptor signaling. 
Anoncanonical, ligand-independent mechanism promoted blood cell survival during both normal 
hematopoietic development and during a hypoxic stress response. 


Teaching Skills 


Students arrive at college with diverse skill sets. Studying the outcomes from large, introductory biol- 
ogy courses, Haak et al. found that focusing on problem-solving and data analysis skills, 
through frequent practice, helped all the students but was particularly helpful to disadvantaged 
students. The change was enacted by incorporating added structure and active learning techniques 


to the teaching style and did not require additional funding. 
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Ismail Serageldin is 
the director of the 
Library of Alexandria, 
Alexandria, Egypt. 


The Values of Science 


IN EGYPT AND TUNISIA, ORDINARY CITIZENS HAVE TOPPLED AUTOCRATS; ELSEWHERE IN THE ARAB 
World, they still battle dictators, armed with little more than their belief in freedom, human 
rights, and democracy. What sort of society comes after the revolution? Many fear that the 
idealism of the revolutionary democrats will only pave the way for theological autocrats 
who preach an intolerant doctrine. But fighting extremism is best done not by censorship or 
autocracy but by embracing pluralism and defeating ideas with ideas. And here, science has 
much to say, particularly about the values that are needed for societies to be truly open and 
democratic, because these are the values of science. 

As the British scientist Jacob Bronowski observed more than half a century ago, the 
enterprise of science requires the adoption of certain values that are adhered to by its prac- 
titioners with exceptional rigor. These values also provide the basis for enhancing human 
capabilities and human welfare. Truth and honor are of the utmost 
importance. Any scientist who manufactures data risks being ostra- 
cized indefinitely from the scientific community, and he or she jeop- 
ardizes the credibility of science for the larger society. A scientist 
may err in interpreting data, but no one can accept the fabrication of 
data. What other fields of human activity can rival this level of com- 
mitment to absolute truth? Teamwork has become essential in most 
fields of science, and it requires that all the members of the team 
receive the recognition they deserve. Contributions are also cumula- 
tive, and each should be recognized for his or her contribution. It is 
a sentiment well captured in Isaac Newton’s famous statement that 
“if I have seen farther than most, it is because I have stood on the 
shoulders of giants.” 

Science requires the freedom to enquire, to challenge, to think, to 
imagine the unimagined. It cannot function within the arbitrary lim- 
its of convention, nor can it flourish if it is forced to shy away from challenging the accepted. 
Science advances by overthrowing an existing paradigm, or at least substantially expanding or 
modifying it. Thus there is a certain constructive subversiveness built into the scientific enter- 
prise, as a new generation of scientists makes its own contribution. Our respect and admiration 
for Newton are not diminished by the achievements of Albert Einstein. We can admire both. 
This constant renewal and advancement of our scientific understanding is a central feature 
of the scientific enterprise. It requires a tolerant engagement with the contrarian view that is 
grounded in disputes arbitrated by the rules of evidence and rationality. 

Science demands rationality and promotes civility in discourse. Ad hominem attacks are 
not accepted. Science treats all humans equally. Scientists are concerned with the content 
of the scientific work, not with the person who produced it. Science is open to all, regard- 
less of nationality, race, religion, or sex. These values of science are universal values worth 
defending, not just to promote the pursuit of science but to produce a better and more 
humane society. 

The new Arab societies we are building must be open pluralistic societies that are pro- 
ducers of knowledge and new opportunities. Our youth have sparked our revolution, just as 
other young people have transformed societies, reinvented business enterprise, and rede- 
fined our scientific understanding of the world we live in. Today, as they lead the rebuilding 
of our societies, they must embrace the values of science. Together, all armed with these 
values, we can think of the unborn, remember the forgotten, give hope to the forlorn, include 
the excluded, reach out to the unreached, and by our actions from this day onward lay the 
foundation for better tomorrows. 

— Ismail Serageldin 
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ASTROPHYSICS 


The Big Bulge, 


‘in disk’ ‘around this bulge; and 
y ul low this classical picture; some, which 
astronomers call pseudobulges, are disk-like. Fisher and inventory of galaxy bulge types within 11 million 
parsecs from Earth (1 parsec corresponds to ~3.26 light-years). They reaiiiec the number of elliptical galaxies (pure bulges) 
and spiral galaxies with classical bulges, with no bulges, or with pseudobulges by star formation rate and stellar mass. Galax- 
ies without a bulge (pure disk galaxies) or with a pseudobulge are the most common type in the local region analyzed. In this 
region, two-thirds of new stars are formed in galaxies with pseudobulges and three-quarters of the stellar mass is in disks. It 
is not clear how pseudobulges form—whether by merging of galaxies or by slow, steady evolution of the disk. The frequency 
of enhanced star formation in the central regions of galaxies with bulges indicates that long-term, non-episodic processes 
are at play in bulge growth. If pseudobulges are not the result of mergers, then it is difficult to reconcile the numbers found 
in this study with those predicted by models of galaxy evolution. — MJC 


Astrophys. J. 733, L47 (2011). 
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One Size Does Not Fit All 


Some children, particularly those with a more 
fearful temperament, are more sensitive than 
others to the influence of parents, teachers, and 
environment. Studying preschoolers, Kegel et 
al. attempt to link this with a particular genetic 
polymorphism. Children played a literacy- 
geared computer game that delivered instruc- 
tion and assignments to all participants, but 
differed in whether it delivered feedback about 
the children’s choices. A feature that distin- 
guished the groups of children was whether 
they carried the 
long variant of the 
dopamine D4 re- 
ceptor gene, which 
is associated with 
lower dopamine 
reception efficiency. 
Children who car- 
ried this polymor- 
hism were more 
susceptible to the 
effects of feedback 
rom the computer 
program. They 
outperformed the 
control group when 


3 JUNE 2011 


feedback guided their learning, and they did 
worse than the control group when feedback 
was absent. In contrast, children with the short 
variant of the gene seemed to be unruffled 

by the presence or absence of feedback. For 
education, just as for shoes, a good fit to the 
individual produces the best result. — PJH 


Mind Brain Educ. 5, 71 (2011). 


Wind Winding Down 


Increasing concentrations of greenhouse 

gases in the atmosphere, emitted by human 
activities, have caused Earth’s 
climate to warm. Climate warming 
has been linked to a host of other 
environmental changes, one of the 
most evident being an increase 
in the amount of water present as 
vapor in the atmosphere, a simple 
change entirely predictable by 
the Clausius-Clapeyron equation. 
Other possible changes to the 
climate system are not so simple or 
predictable. Gastineau and Soden 
evaluate the potential impact of 
warming on windiness, combin- 
ing daily satellite observations 
and climate model simulations in 


order to determine how tropical surface wind 
extremes may have responded over the past 
two decades. They report that both observations 
and models show a reduction in the strongest 
wind events, in response to higher tropical 
sea surface temperatures, and that light wind 
event frequencies have increased over the same 
period. These findings help to confirm what has 
up to now only been suggested by models. The 
authors suggest that the well-documented in- 
crease in the frequency and intensity of extreme 
precipitation events, which at first may seem 
inconsistent with a weakening of the large- 
scale circulation, is therefore mainly a result of 
increasing atmospheric water vapor. — H]JS 
Geophys. Res. Lett. 38, L09706 (2011). 


Multiple Metabolic Cooperations 


The toxic liquids that ooze out of old mine 
workings have been fruitful hunting grounds 
for microbial ecologists, primarily because 

the range of organisms that can tolerate such 
extreme conditions is limited and makes for 
tractable wild ecosystems to study. Bertin et 

al. undertook a metagenomic investigation of 
the microflora in a stream biofilm exiting the 
former mine of Carnoulés in France. They found 
a community dominated by seven organisms 
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with complementary and apparently intertwined 
metabolisms. Three strains allied to Thiomonas, 
Acidithiobacillus, and Gallionella are inorganic 
nitrogen and carbon dioxide fixers. These 
rimary producers supply other members of 
the consortium with organic nutrients, in an 
apparently coordinated way: For example, an 
Acidobacteria clade possesses transporters for 
simple carbohydrates, whereas a Thiobacillus- 
ike organism is equipped to handle complex 
carbohydrates. A candidate new species of 
Fodinabacter appears to make important 
contributions to recycling organic compounds 
released by other organisms, and in turn 
rovides them with essential cofactors, such as 
cobalamin, which then activates iron oxidation 
in Acidiothiobacillus. The seven also seem to be 
represented by other genotypes, which indicates 
an ability to shift the metabolic emphasis when 
conditions change. — CA 

ISME J. 5, 10.1038/ismej.2011.51 (2011). 


CELL BIOLOGY 
Not Death-Defying 


Caveolae are membrane invaginations found 
at the surface of mammalian cells that are 
enriched in cholesterol. Cholesterol-binding 
roteins known as caveolins play a key role in 
caveolar formation and are also involved in 
intracellular cho- 
lesterol transport. 
Mutation or disrup- 
tion of caveolin 
genes have been 
inked to a variety 
of pathologies, in- 
cluding lipodystro- 
hy, cardiovascular 
disease, diabetes, 
and cancer. Bosch 
et al. examined the 
cellular pathol- 
ogy associated with 
caveolin disruption 
in embryonic fibroblast cells from caveolin 1 
(CAV1)—deficient mice. The cells exhibited re- 
uced proliferation and survival when subjected 
to glucose restriction—a phenotype associ- 
ated with compromised mitochondria. Indeed, 
mitochondrial membranes from the CAV1- 
leficient cells contained elevated levels of free 
cholesterol, which was associated with reduced 
resistance to antioxidants. The mitochondria 
thus accumulated reactive oxygen species, 
which promoted cell death. Thus, mitochondrial 
lysfunction appears to be the underlying cause 
of the variety of pathologies observed in CAV1- 
eficient animals. — SMH 

Curr. Biol. 21, 681 (2011). 
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POLICY 
Measuring Subsidy Success 


After devastating mudslides and floods in 
1998 killed thousands of people and displaced 
millions, the Chinese government undertook 
a massive effort to fight erosion, called the 
Sloping Land Conversion Program (SLCP). Under 
the SLCP, farmers on steep slopes in the Yangtze 
and Yellow River basins have been given cash 
subsidies and rice in exchange for allowing their 
farmland to be restored to forest or grassland 
and finding jobs other than farming. Part of 
the goal was to promote a change in the work 
activities of the people living in these areas to 
something that would be more sustainable for 
the ecosystem. Li et al. surveyed 20 villages con- 
taining participants and nonparticipants in 2008 
to determine the effects of this program on the 
economics of people in a rural area of western 
China. Participation in the program increased 
household income, especially for low- and 
medium-income households. Income inequality 
was less among households participating in the 
SLCP than among those that did not; however, 
it did not change the traditional employment of 
the participants in the way that had been an- 
ticipated—many were still involved in forestry- 
related activities or animal husbandry. — B] 
Proc. Natl. Acad. Sci. U.S.A. 108, 7721 (2011). 


PHYSICS 
Scattered Enhancement 


One route to enhance the operation 
of solar cells is to mop up as muc 
of the incident light as possible for 
subsequent conversion into usefu 
electric current. However, there tends 
to be a tradeoff between the cost 
associated with fabricating a complex 
structure, as well as the amount of 
material used, and the overall payoff 
in terms of improved performance. A 
simple approach is to use a randomly 
textured back surface reflector to increase the 
chance of absorption. The optical properties of 
metal nanoparticles, particularly their ability to 
strongly scatter light, have made them targets 
for exploration. Moreover, nanoparticles can 
couple the scattered light into a nearby dielec- 
tric. Spinelli et al. use simulations to system- 
atically study how the shape and size of silver 
nanoparticles influence the scattering of light 
into a dielectric substrate. Their results provide 
a method to better understand the scattering 
and incoupling processes involved and the pos- 
sibility of optimizing optoelectronic sensors and 
photovoltaics at the design stage. — ISO 
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Opt. Express 19, 303 (2011). 
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Rome 1 


Manslaughter Trial Approved for 
Quake Scientists 


Bogus predictions of earthquakes can cause 
a public panic. But seven scientists and tech- 
nicians who analyzed seismic activity ahead 
of the devastating earthquake that struck 
the Italian town of L Aquila on 6 April 2009 
are about to find out whether the flip side 
of the coin—erroneously assuring citizens 
that they are not in imminent danger—could 
actually be a crime. 

On 20 September, the seven will go 
on trial in an Italian court for manslaugh- 
ter, a judge decided last week. Last year, it 
appeared that the charges would be based on 
a failure to provide residents with adequate 
warning of the magnitude-6.3 earthquake 
that killed 308 people. But the case, which 
the judge ruled had sufficient grounds to go 
ahead, may instead center on accusations 
that the defendants gave undue reassurances 
to residents about their safety in comments 
that prompted many to remain home despite 
a series of prequake tremors leading up to 


the main event. For more, see|page 1135} 


3 JUNE 2011 


Berlin and Bern 2 


Germany and Switzerland Nix 
Nuclear Energy 


In the wake of the Fukushima disaster, the 
governments of Germany and Switzerland 
have announced plans to end the use of 
nuclear energy. On 30 May, German Chan- 
cellor Angela Merkel announced that the 
country would shut down all of its 17 plants 
by 2022. Switching to renewable sources 
without relying on nuclear power is “a great 
challenge, but above all it is a huge oppor- 
tunity for future generations,” Merkel said. 
Meanwhile, following the largest antinuclear 
protests ever held in Switzerland, the Swiss 
government announced on 25 May that it 
plans to close the last of its five reactors by 
2034. Parliament will discuss the plan next 
month, and there could be a referendum. 
Nuclear plants generate about 23% of Ger- 
many’s and 40% of Switzerland’s electricity. 
Also last week, European Union coun- 
tries agreed on the criteria for so-called 
stress tests to determine the safety of the 
E.U.s 143 nuclear reactors. The tests were 


slated to begin on | June.|http://scim.ag/_nix, 


://scim.ag/swiss_nuclear| 


Washington, D.C. 3 
NASA Aims to Grab Asteroid Dirt 


NASA has announced the next medium- 
class science mission to explore the solar 
system. The winner of a three-way competi- 
tion is a mouthful: Origins Spectral Inter- 
pretation Resource Identification Security 
Regolith Explorer (OSIRIS-REx). It is a 
spacecraft that would scoop as much as 

2 kilograms of rocky soil off a 600-meter- 
diameter asteroid in 2020 and return the 
sample to the Utah desert in 2023 for labora- 
tory analysis. While strictly speaking a sci- 


ence mission to better understand the nature 
and origins of a primitive solar system build- 
ing block, OSIRIS-REx dovetails nicely 
with President Barack Obama’s plans to send 
astronauts to an asteroid by 2025. 

Costing roughly $1 billion, OSIRIS-REx 
would launch in 2016 and spend 6 months 
mapping asteroid 1999 RQ36. Living up to 
all the ambitions packed into its acronym, 
the mission would explore the origins of 
asteroids and thus the solar system itself; 
connect spectral colors observable from 
Earth to specific minerals on the asteroid; 
identify potential resources, such as water 
for rocket fuel; help evaluate the threat of 
asteroids to Earth; and return some regolith 
(asteroid soil) for detailed analysis. 


Brasilia 4 


Proposed Brazilian Forest Law 
Causes Furor 


The passage on 24 May by Brazil’s Cham- 
ber of Deputies of an amended forest 

law favorable to ranchers and loggers has 
brought an outpouring of concern from 
environmentalists. The bill offers amnesty 
from penalties for illegal cuts made prior 
to July 2008 and suspends a rule requiring 
small landholders in the Amazon (up to 
400 hectares) to maintain a minimum of 
80% forest cover, among other changes. 
Brazilian President Dilma Rousseff has 
threatened to veto parts of the bill, which is 
still subject to change by Brazil’s Senate. 

Rural lawmakers say the legislation is a 
much-needed update to Brazil’s forest code, 
which dates to 1965, and argue that it would 
help enforce regulations by allowing more 
plots to become legally recognized. But 
on 25 May, the Brazilian Academy of Sci- 
ences called for another 2 years of scientific 
review, saying the legislation had no “scien- 
tific and technical foundation.” 

Marina Silva, Brazil’s outspoken former 
environment minister, called the legislation 
“one of the biggest steps backwards I’ve 
ever seen in Brazil. ... We have returned to 
the worst possible world.” Indeed, the bill’s 
advance comes amid a recent surge in defor- 
estation, which in March and April reached a 
pace almost five times that of 2010. 


ttp://scim.ag/forest-la' 
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Germany 5 


E. coli Outbreak Rages On 


3 Public health experts in Germany are 
z scrambling to bring the world’s deadliest 
g outbreak ever of enterohemorrhagic Esch- 
ra 2 erichia coli (EHEC) under control. As 
3 § Science went to press, 16 people had died, 
= more than 1400 had fallen ill, and the out- 
¢ break—caused by a very rare serotype 
5 called 0104:H4—showed no signs of abat- 
ing. Epidemiological studies have fingered 
raw vegetables as the likely source, but have 
failed to pinpoint exactly which ones. 

In an attempt to save lives, some Ger- 
man nephrologists are turning to a mono- 
3 clonal antibody called eculizumab, a drug 
E é developed to treat a rare blood disorder. 
b Last year, German doctors saw promising 
z results with eculizumab in three children 
% suffering from hemolytic uremic syndrome, 
5 EHEC’s most severe complication, which 
E is characterized by the destruction of red 
© blood cells and kidney failure. Their find- 
5 ings were published online in The New 
8 England Journal of Medicine last week. 
© Researchers say the drug appears to be 
ig helping some of the current patients as well. 
5 = http: //scim.ag/_outbreak| 
5 |http://scim.ag/_eculizumab} 
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FINDINGS 
Honey, | Shrunk the Test Subjects 


When Lemuel Gulliver landed on Lilliput, 
the protagonist in Jonathan Swift's satiri- 
cal novel didn’t think of himself as a giant. 
Everyone around him, he believed, was tiny. 
Now researchers have shown we're all a bit 
like Gulliver. 

Researchers at the 
Karolinska Institute 
in Stockholm had 
198 volunteers wear 
virtual-reality head- 
sets and lie on their 
backs, looking at their 
outstretched legs. 
Cognitive neuroscien- 
tist Bj6rn van der Hoort touched each volun- 
teer’s leg while simultaneously touching the 
leg of a mannequin next to the subject; video 
of the mannequin was piped to each volun- 
teer’s headset. This combination of touch and 
sight duped the subjects into thinking the 
mannequin legs were their own. 

Then Van der Hoort replaced the man- 
nequin legs with legs many times longer 
or shorter than the subjects’own, dangled 
a block in front of the camera, and asked 
subjects to estimate its size. If their new 
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THEY SAID IT 


“| have identical twins. There 
were times when they would 
argue and disagree on some- 
thing. ... Each was absolutely 
positive truth and justice was 
on her side. My job was to try 
to help each of them see the 
perspective of the other. ... 
[Now] I've got a whole agency 
full of identical twins that 
basically all have truth and 
justice on their side. All they 
need to do is get a broader 
perspective.” 


— Marcia McNutt, director of the 
U.S. Geological Survey, when 

The Washington Post asked her how 
she learned to be a leader. 


legs were tiny, they tended to overestimate; 
if they were large, they underestimated, the 
researchers reported 25 May in the jour- 
nal PLoS ONE. The subjects, it seemed, 
used their bodies as fixed meter sticks and 
assumed that their environment had either 
grown or shrunk. |http://scim.ag/i-shrunk| 


More Good Cholesterol 
Doesn't Help 


The effects of good cholesterol are more 
nuanced than once thought. A clinical trial 
testing whether people do better when 
drugs increase their HDL, the cholesterol 
believed to help prevent heart disease, 
flopped last week. 

The U.S. National Institutes of Health 
study had enrolled more than 3400 people 
who had a history of heart disease and paltry 
levels of HDL. Everyone got a statin, which 
lowers LDL, or “bad,” cholesterol. But some 
participants also got a form of niacin, a drug 
that raises HDL. The study was supposed to 
run for 6 years, finishing in 2012, but it was 
halted after researchers discovered that peo- 
ple taking niacin were no less likely to suffer 
heart attacks and strokes. 

It’s not yet clear why this is. Animal work 
has found that raising HDL can help, but 
genetics studies looking at people prone 
to high or low HDL have turned up mixed 
results. The drug company Pfizer >> 
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BY THE NUMBERS 

60% Percentage of the 40 stu- 
dent finalists in the 2011 Intel 
Science Talent Search whose parents 
entered the country on temporary 
H-1B visas. In comparison, less 
than 1% of the U.S. population 

are former H-1B visa holders. 


$757 million Amount spent 
by UNICEF on vaccines in 2010. The 
U.N. agency announced last week 
that it will publish the prices it pays 
for vaccines in an effort to boost 
competition and drive down prices. 


>>FINDINGS 


abandoned an HDL-raising drug in 2006 
after finding that people on it were 60% 
more likely to die than those on statins. 


Lost in Time, Found by Satellites 


Satellite data have revealed what may be bur- 
ied pyramids and thousands of ancient settle- 
ments beneath Egypt’s sands and farmlands. 

An American research team led by 
archaeologist Sarah Parcak of the University 
of Alabama, Birmingham, discovered the 
sites by analyzing data from visible as well as 
infrared satellite imagery. Parcak realized that 
winter rains soaking into buried mud-brick 
walls produced a subtle chemical signature 
in the overlying soil that showed up in high- 
resolution, infrared satellite images. Based 
on this clue and others, the team found traces 
of nearly 3000 ancient settlements and 1000 
tombs. They also spotted 17 buried, pyramid- 
shaped structures; one at Saqqara, famed as 
a necropolis, was found to be an actual pyra- 
mid during a follow-up excavation. 

At a 3000-year-old site known as Tanis, 
the satellite data revealed a warren of mud- 


Infrared and other-satellite imagery revealed a 
3000-year-old city buried under'sand. 
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Random Sample 


Songs From the Sea 

An underwater opera now playing in Berlin gives 
audiences a chance to hear from one of the most 
extreme environments on Earth. AquAria_PALAOA 
is being staged in the city’s striking art deco 
Neukélln public swimming pool and incorporates 
scientists’ recordings of the soundscape under- 


neath Antarctica’s Eckstrém ice shelf. 


The stars of those recordings are Weddell seals. “They are some of the world’s most accom- 
plished underwater singers,” with more than 50 songs in their repertoire, says Lars Kindermann, 
a biophysicist at the Alfred Wegener Institute for Polar and Marine Research in Bremerhaven, 
Germany, which runs the Antarctic recording project. 

Kindermann advised the opera’s artistic director, Claudia Herr, on both the music and the 
story, which tells of a woman’s search for immortality. He gave Herr, a swimmer-turned-opera 
singer, a spectrogram of seal vocalizations, which she and the composer were able to use “sort of 
like sheet music,” he says. “[They] were fascinated. She could almost sing from the spectrograms.” 
The vocalists even sing some songs underwater, wearing oxygen tanks and special microphones. 

Weddell seals use their voices for survival, echolocating breathing holes in the ice and alert- 
ing other seals to the fresh air, Kindermann suspects. The libretto, too, tells “a story of survival 
in an extreme environment. It is about time, youth and age, love, finding community and loneli- 
ness,” he says. The 1 May premiere impressed audiences and critics; four more performances of 


the opera will run in mid-June and mid-September. 


S 


brick walls, mazelike streets, and large resi- 
dences that may have housed the wealthy. A 
French team already digging there success- 
fully used the American team’s images to 
excavate a specific structure. “They found an 
almost 100% correlation between what we 
see on the imagery and what we see on the 
ground,” Parcak says. 

The satellite data are a major new con- 
tribution to Egyptian archaeology, says 
Egyptologist Peter Lacovara of the Michael 
C. Carlos Museum in Atlanta. They also pro- 
vide a powerful new way for Egypt’s govern- 
ment to monitor ancient sites. 


Final Farewell for Mouse Virus 
and Chronic Fatigue? 


The controversial hypothesis that links 
mouse retroviruses to chronic fatigue syn- 
drome (CFS) suffered yet another devastat- 
ing blow this week. Two papers published 
online in Science make a strong case for 
contamination causing earlier studies—one 
published in Science—to find retroviruses, 
alternately known as XMRV or MLV-related, 
in CFS patients. 

One study examined blood from 61 CFS 
patients using sensitive polymerase chain 
reaction and antibody tests and found no 
evidence of mouse retroviruses. Others have 


reported similar negative results, but this 
study, led by retrovirologist Jay Levy of the 
University of California, San Francisco, 
stands out because 43 of the CFS patients 
had previously tested positive in labs that 
showed a connection between XMRV and 
the baffling disease. “They tried very care- 
fully to find the virus and haven’t got any- 
thing,” says Jonathan Stoye, a retrovirologist 
at the MRC National Institute for Medical 
Research in London. “That’s because there 
is no virus there.” The researchers further 
showed how the mouse viruses frequently 
contaminate commonly used lab reagents. 

The second report contends that XMRV 
was born in the 1990s via an experiment 
that mixed mouse and human cells to cre- 
ate an immortalized line to study prostate 
cancer. The XMRV-contaminated cell line 
became widely used. “It’s the end, isn’t it?” 
asks Stoye. 

Not quite. Judy Mikovits, the corre- 
sponding author of the 2009 Science paper 
that found XMRV in CSF patients, refused 
a request from journal editors to retract the 
paper. Science in turn issued an Expression 
of Concern, noting that the paper’s findings 
are “seriously in question” and that the jour- 
nal “eagerly awaits the outcome” of multi- 
lab studies organized by the U.S. National 
Institutes of Health to address the question. 
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ITALY 


Quake Experts to Be Tried 
For Manslaughter 


Seven scientists and technicians who ana- 
lyzed seismic activity ahead of the devastat- 
ing earthquake that struck the Italian town 
of L Aquila on 6 April 2009 will indeed face 
trial for manslaughter, a judge announced 
last week. The defendants are members of 
Italy’s great risks committee, whose job is 
to assess risks of potential natural disasters. 
A year ago, they were accused by L’ Aquila 
prosecutors of having failed to provide ade- 
quate warning of the magnitude-6.3 earth- 
quake that killed 308 people. 

Given the uncertainties in predicting 
earthquakes, the accusation surprised and 
angered many. Thousands of seismologists 
signed a letter of protest, and international 
scientific groups, including AAAS (publisher 
of Science), condemned the prosecutor’s plan 
to bring manslaughter charges. Nevertheless, 
Judge Giuseppe Gargarella ruled last week 
that the case should go to trial. 

“The prosecution is without merit,” 


lwww.sciencemag.org| SCIENCE 


says Thomas Jordan, an earth scientist at 
the University of Southern California in 
Los Angeles, who chaired an international 
commission to review earthquake predic- 
tions in Italy in the light of the Aquila 
quake. The case may, however, revolve more 
around what exactly the public was told than 
whether earthquakes can be predicted. 

The seven facing trial, which is due to 
start on 20 September, are Enzo Boschi, 
president of Italy’s National Institute of Geo- 
physics and Volcanology (INGV); Franco 
Barberi, great risks committee vice president; 
Bernardo De Bernardinis, at the time vice 
president of Italy’s Civil Protection Depart- 
ment and now president of the country’s 
Institute for Environmental Protection 
and Research; Giulio Selvaggi, director of 
INGV’s National Earthquake Centre; Gian 
Michele Calvi, director of the European Cen- 
tre for Training and Research in Earthquake 
Engineering; Claudio Eva, an earth scien- 
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tist at the University of Genoa; and Mauro 
Dolce, director of the office of seismic risk at 
the Civil Protection Department. 

Central to the prosecutors’ case is a meet- 
ing held 6 days before the quake in which 
the risks committee, as well as local politi- 
cians and representatives of the Civil Pro- 
tection Department, discussed a series of 
recent tremors that had occurred in the prov- 
ince of L'Aquila, including a quake of mag- 
nitude 4.0 the previous day. According to the 
official minutes of the meeting, the seven 
accused committee members explained that 
these tremors did not constitute evidence 
that a major earthquake was on the way, 
although, they said, such a possibility could 
not be ruled out. They agreed that no one can 
currently predict precisely when, where, and 
with what strength an earthquake will strike, 
dismissing claims by Gioacchino Giuliani, 
a technician at the National Institute of 
Nuclear Physics near L’ Aquila, that he could 
make such predictions by monitoring levels 
of radon gas emissions (Science, 17 April 
2009, p. 322). 

Prosecutors claim that the committee 
gave undue reassurance to the townspeople 
and that had they not done so, many resi- 
dents would have evacuated after a smaller 
tremor that came before the massive quake. 
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In particular, they take 
aim at comments made 
by De Bernardinis in a 
television interview fol- 
lowing the 31 March 
meeting. “There is no 
danger,” he said about 
the ongoing tremors, 
explaining that “the sci- 
entific community con- 
tinues to confirm to me 
that in fact it is a favor- 
able situation, that is to 
say a continuous dis- 
charge of energy.” 

Committee mem- 
ber Calvi told Science 
that “with the benefit 
of hindsight, the words 
of De Bernardinis might 
not have been very wise.” He adds that it was 
perhaps a mistake that it was De Bernardinis 
who gave the interview, given that his exper- 
tise is in floods, not earthquakes. But Calvi 
dismisses conspiracy theories swirling around 
the fact that the minutes of the meeting were 
not finalized until after the earthquake had 
struck, saying it’s common not to approve 
minutes until a following meeting, and few 
changes were made from the draft minutes 
he had seen. 


manslaughter charges. 


MICROBIOLOGY 


Accused. Enzo Boschi denies misleading the 
Italian public about earthquake risks and 
argues he and other scientists shouldn't face 


Since the judge’s 
decision, Boschi has not 
replied to a request for 
comment, but his lawyer, 
Marcello Melandri, says 
that Boschi has taken 
the judge’s decision 
very badly and that his 
client had not expected 
that the case would actu- 
ally go to court. And 
in October of last year, 
Boschi told Science that 
he never sought to reas- 
sure the local population 
that there was no risk of 
a major earthquake. He 
maintained that he and 
his scientific colleagues 
had a responsibility to 
provide the “best scientific findings” and that 
it is “up to politicians” to translate the sci- 
entific findings into decisions. In any case, 
Boschi said, the prosecutors have picked the 
wrong target, arguing that the “victims of the 
earthquake are exclusively the result of badly 
built buildings.” 

Jordan has reviewed the minutes of 
the committee meeting and argues that 
the statements recorded “were scientifi- 
cally correct.” He is also convinced that 


it was right not to advise people to evacu- 
ate the area, pointing out that even though 
low-level seismic activity does increase 
the probability of a major earthquake, the 
absolute probability of a large, local quake 
occurring in the near future remained very 
low at the time the committee held its meet- 
ing—about 1% according to the best esti- 
mates, he says. “You can’t base high-cost 
actions like evacuation on those kind of 
probabilities,” he says. 

Yet Jordan acknowledges the tricki- 
ness of such situations. “There is a fine line 
between giving information that is scientifi- 
cally accurate and information that can be 
actionable by the public,” he notes. Jordan 
points out that his commission has recom- 
mended that Italy, as well as other countries, 
needs to improve the way it communi- 
cates the risks of earthquakes to decision- 
makers and the public. He also says that the 
action taken in response to changing fore- 
casts needs to be put on a more systematic 
basis. “If there is an 80% or 90% chance of 
a quake, then you have to consider evacua- 
tion,” Jordan says. “But what should you do 
when the probability rises from one chance 
in 10,000 to one chance in 100? Those kind 
of questions remain unanswered.” 

—EDWIN CARTLIDGE 
Edwin Cartlidge is a writer based in Rome. 


Concerns About Arsenic-Laden Bacterium Aired 


The debate that erupted 5 months ago over 
whether a bacterium could thrive on arse- 
nic, even incorporating the element in its 
DNA, is finally being aired in the scientific 
literature rather than on blogs. Originally 
published online by Science on 2 Decem- 
ber 2010, the paper describing this poten- 
tially unprecedented microbe is on page| 
Eight Technical Comments, released 
online last week, formally raise many of the 
criticisms that were quickly hurled when the 
study was published online and publicized 
ina NASA briefing. The scientific exchange 
is unlikely to be the final word on the con- 
tentious issue, all agree, especially because 
there have yet been no independent stud- 
ies of the microbe at the center of this spat. 
“The discussion published ... is only a step 
in a much longer process,” Bruce Alberts, 
Science’s editor-in-chief, remarks in a note 
introducing the Technical Comments—the 
most Science has published for any one 
paper—and a response by NASA astrobiol- 
ogy fellow Felisa Wolfe-Simon and the other 
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authors of the original paper. 

The work that set off this furor offered 
an exception to one of the apparently fun- 
damental rules of life on Earth. To sur- 
vive, microbes, plants, and animals were all 
thought to require six essential elements: 
oxygen, carbon, nitrogen, hydrogen, sulfur, 
and phosphorus. But Wolfe-Simon and col- 
leagues reported isolating a bacterium that, 
when grown in high arsenic concentrations 
and with no added phosphorus, appears to 
replace some of the latter with the former in 
key biomolecules, despite arsenic generally 
being considered toxic and unstable in cells. 

The claim startled scientists, many of 


“| think you still won't find any 
scientist to say this result has any 
significant probability of being 
correct.” 


—ROSIE REDFIELD, 
UNIVERSITY OF BRITISH COLUMBIA 


whom quickly complained about the qual- 
ity of the evidence as well as suggestions 
by NASA and Wolfe-Simon’s team that the 
work was relevant to possible extraterrestrial 
life. “Their hypothesis that this microorgan- 
ism contains DNA and other standard bio- 
molecules in which arsenate atoms replace 
phosphorus atoms would, if true, set aside 
nearly a century of chemical data concerning 
arsenate and phosphate molecules,” Steven 
Benner, an astrobiologist at the Foundation 
for Applied Molecular Evolution in Gaines- 
ville, Florida, concludes in one comment. 
Several Technical Comments question 
whether contamination or background lev- 
els of phosphorus in the bacterial cultures 
could have fueled the growth of the controver- 
sial microbe, known as GFAJ-1. And micro- 
biologist Rosie Redfield of the University of 
British Columbia in Vancouver, Canada, airs 
her concern that the DNA that tested positive 
for likely having arsenic incorporated in its 
structure might have been contaminated. She 
first raised that worry and others in a series 
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of widely read blog posts that drew 
hundreds of comments noting addi- 
tional scientific issues with the work. 


Telltale pattern. High-resolution imaging 
mass spectrometry shows arsenic inside the 


Wolfe-Simon’s team mentions 
in their paper that the media used 
to culture GFAJ-1 contained trace 
amounts of phosphorus, contributed 
by mineral salts, but they argue it 
wasn’t enough to drive the microbe’s 
growth or even to sustain its life— 
a position Redfield challenges with 
calculations in her comment. 

In another critique, James 
Cotner of the University of Min- 
nesota, Twin Cities, and Edward 
Hall of the University of Vienna 
claim that Wolfe-Simon’s team 
misinterpreted their work when 
the paper cited it as support for the find- 
ings. The researchers referenced Cotner and 
Hall’s work as showing that bacteria typi- 
cally require about 2% phosphorus in their 
cells—much higher than the 0.02% docu- 
mented in GFAJ-1. However, the pair point 
out that the 2% figure comes from studies of 
Escherichia coli under special experimen- 
tal conditions; they have found a few bac- 
teria that get by with as little phosphorus as 
GFAJ-1 does. 

Three of the comments express skep- 
ticism that arsenate compounds would 
be stable enough in the cell. In the cyto- 
plasm, arsenate would be reduced to arse- 
nite, which would not be able to substitute 
for phosphate, Barbara Schoepp-Cothenet 
of the Bioénergétique et Ingénierie des 
Protéines in Marseilles, France, and col- 
leagues contend. Moreover, phosphorus is 
incorporated into DNA early in a multistep 


On the hunt. Felisa Wolfe-Simon is looking for a 
new lab and new ways to prove arsenic gets into one 
microbe’s DNA. 


cell (yellow = high; blue = low). 


process, and an arsenic substitute would 
be unlikely to survive that process intact, 
Benner says. It’s also unclear whether the 
arsenate would change the shape of the 
DNA, the critics note. Wolfe-Simon points 
to new research by others, published since 
her group’s announcement, that indicates 
DNA with arsenic would have the same 
structure. Also, she says her original studies 
detected no arsenite in these cells. 

Following Science’s policy, neither 
the Technical Comments nor the authors’ 
response offer any new data on GFAJ-1. 
And indeed, there is little more to report, 
Wolfe-Simon admits. She says much of her 
team’s last 5 months were spent address- 
ing the community’s questions and criti- 
cism. Initially, Science sent them about 25 
letters and comments. Reviewers examined 
the team’s responses to each, and Science’s 
editors eventually culled the redundant cri- 
tiques down to eight. 

Ronald Oremland of the U.S. Geological 
Survey (USGS) in Menlo Park, California, 
Wolfe-Simon’s group leader, says he and 
colleagues have done physiological studies 
to learn how to grow GFAJ-1 better. They 
have nailed down the source of the back- 
ground phosphorus in their culture media. 
“We think we can get it down by an order of 
magnitude,” he says, in part by using ultra- 
pure ingredients for their media. Growing 
the bacterium in a phosphorus-free envi- 
ronment would eliminate one of the major 
sources of skepticism. “But we don’t have 
a lot of people, and they have a lot of other 
obligations,” Oremland says. “We’ve taken 
it as far as we can go,” given that the lab is 
not a high-powered molecular, genetics, or 
chemistry operation. 

And Oremland’s lab is shrinking, as three 
of the authors of the original paper, including 
Wolfe-Simon, are moving on. Wolfe-Simon 
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continues to be in the spotlight; 
Glamour magazine profiled her, and 
Time named her one of its 100 most 
influential people. Yet her future is 
uncertain. Wolfe-Simon says she 
still has 2 years’ support on her 
NASA fellowship, but last month 
she left USGS to find a lab better 
suited for the types of experiments 
she wants to do and still hasn’t found 
anew home yet. 

Wolfe-Simon has found new col- 
laborators though. In 2007, Lian- 
rong Wang and Shi Chen of Wuhan 
University in China discovered bac- 
teria that incorporated sulfur in the 
DNA backbone, and earlier this year 
they described the widespread exis- 
tence of this type of modification in microbes. 
When Wang heard about GFAJ-1’s arsenic- 
laden DNA, he says, “I wanted to grab my 
glasses and take a serious look at it immedi- 
ately.” Wolfe-Simon has provided them with 
DNA samples, some of which contain arse- 
nic, and with GFAJ-1 itself, so that they can 
use mass spectrometry to study how arsenic 
substitutes for phosphorus. “We are culturing 
the strain to get a larger amount of DNA for 
the next step,” Wang says. 

Wolfe-Simon has provided three other 
research teams with the strain. One will 
conduct genomics studies, another may do 
nuclear magnetic resonance spectroscopy, 
and a third will check out the incorporation 
of arsenic by biomolecules other than DNA, 
in particular, proteins. 

Others have asked for the strain, but 
it’s taking time to distribute, Wolfe-Simon 
says. To resolve that problem, in March she 
deposited GFAJ-1 in the U.S. ATCC and 
German DSMZ bacterial repositories. Each 
has to establish the cultures, freeze-dry the 
samples, and have those samples verified, so 
it will be several months before they can be 
distributed, Oremland says. 

Benner isn’t sure how many researchers 
will bother requesting the strain. “I think you 
still won’t find any scientist to say this result 
has any significant probability of being cor- 
rect,” Redfield says, who has inquired about 
getting a sample of GFAJ-1. Wolfe-Simon 
and her colleagues remain confident in their 
conclusions about the microbe. “With any- 
thing this intriguing or controversial, there 
will always be multiple sides,” says Wolfe- 
Simon’s co-author Samuel Webb, a bio- 
geochemist at the Stanford Synchrotron 
Radiation Lightsource in Menlo Park. “And 
even if we are proven wrong [about arsenic 
in the DNA], it’s definitely doing something 
that’s crazy and cool.” —-ELIZABETH PENNISI 
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Wellcome Puts Its Money on Elite Researchers 


The Wellcome Trust, the world’s largest 
research charity, this week announced the 
first winners of a program of large single- 
investigator awards to prominent biomedical 
researchers. While this is great news for the 27 
new Wellcome Investigators who will share 
£57 million, hundreds of university-based 
researchers stand to lose Wellcome funds as 
the trust phases out some existing programs 
to pay for the new category of investigators. 

“It’s a very good mixture of 
names,” says Wellcome chief Mark 
Walport, who has championed the new 
awards as the best means of support- 
ing exceptionally talented researchers 
in Britain and elsewhere with globally 
competitive and reliable funding. But 
Paul Marshall, director of the 1994 
Group of universities, warned that 
other funders following the same path 
could lead to “over-reliance on a small 
number of research ‘stars,’ and fears 
for maintaining a broad base.” 

The Wellcome Trust, whose endowment 
stood at £13.9 billion last year, will spend 
£750 million this year on its full range of 
fellowships, grant programs, and research 
laboratories. Its annual budget matches that 

of the publicly funded 
Medical Research Coun- 
cil (MRC) and slightly 
exceeds that of its clos- 
est U.S. equivalent, the 
Howard Hughes Medi- 
cal Institute (HHMI). 
The trust announced in 
2009 that it was going 

to phase out several 
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Familiar territory. Wellcome focuses its awards on 
U.K. powerhouses Oxford, Cambridge, and London. 
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of scientists, including its regular program, 
project, and equipment grants, to free up 
about £110 million annually for a new pro- 
gram that handsomely rewarded a smaller 
cadre of scientists judged to have the poten- 
tial to do groundbreaking research (Science, 
21 May 2010, p. 964). The plan has been lik- 
ened to the approach employed by HHMI, 
which concentrates most of its effort on sup- 
porting 300 investigators in the United States. 


Favored few. Recipients of Wellcome Investigator awards: Liverpool's 
Alister Craig, Pedro Hallal from Brazil, and Oxford's Peter Rothwell. 


Wellcome vetted the resumés of 750 appli- 
cants and chose 173 to complete an appli- 
cation form that asked a handful of simple 
questions about what the applicant was seek- 
ing to investigate, how they'd do it, and why 
it mattered. Nine review panels then picked 
55 candidates to attend a “star chamber” 
of prominent researchers; each was given 
10 minutes and three slides to make his or her 
case, before a brief interrogation. 

The result, announced on 2 June, was 
25 individual awards and one shared award, 
over periods of up to 7 years, worth a total of 
£57 million. Wellcome expects to issue three 
or four smaller rounds of such awards each 
year, and if these reflect the first round, it will 
end up supporting more than 300 awardees at 
arate of about £350,000 a year each. 

The 26 awards are heavily concentrated 
among a handful of institutions: 21 of them 
are going to the so-called golden triangle cit- 
ies of London, Cambridge, and Oxford, with 
15 going to just four universities. Four awards 
go to scientists elsewhere in the United King- 
dom. Pedro Hallal of Federal University of 
Pelotas in Brazil is the only recipient working 
outside the United Kingdom. 

Awardees say the selection process made 
a refreshing change from conventional grant 
applications. The written application pro- 
cess “was much shorter than usual but much 
harder to do,” recalls Laurence Pearl, a struc- 
tural biologist at the University of Sussex who 
won about £2.5 million over 7 years to study 
the role of the Hsp90 molecular carrier in acti- 


vating and regulating proteins. “It didn’t let 
you hide behind the detail of what you’re plan- 
ning in the laboratory.” 

The star chamber “was completely 

nerve-wracking” for molecular parasitolo- 
gist Alister Craig of the Liverpool School 
of Tropical Medicine, who won £1.4 million 
over 5 years to study the accumulation of 
infected blood cells in the brains of patients 
with cerebral malaria. Six of the awards are 
for “New Investigators,” people with 
ess than 5 years of postdoctoral 
experience. Craig, like some other 
winners, says he’s “worried about 
people who are too old for the ‘new’ 
investigator awards and not quite 
ready for the ‘senior’ ones.” He says 
he hopes that the trust will work out a 
way to restore project-specific grants 
in some shape or form. 
Clinician Peter Rothwell of the 
University of Oxford thinks that he 
was helped by having a project straddling two 
fields—in his case, neuroscience and public 
health. His team will use a £2.5 million award 
to study practical steps to avert strokes, how 
variable blood pressure contributes to them, 
and the nonvascular effects of aspirin. “They 
were willing to let me draw together these 
three strands,” he says. 

Hallal, 31, will study how physical exer- 
cise by mothers and children affects lifelong 
health. “Funding for research in Brazil is 
almost always short term,” says Hallal, who 
came across the program while visiting the 
United Kingdom on a Royal Society fellow- 
ship. “Seven years of support is extraordi- 
narily important for my career.” 

Researchers are now eager to see what 
effect this concentration of funds will have on 
U.K. biomedical research. Wellcome’s proj- 
ect grants “were the first step on the ladder for 
many of us,” says Jonathan Weber, director of 
medical research at Imperial College London. 
Applications for MRC grants have gone up 
“markedly” since the Wellcome ones closed, 
he says: “We still see that as unresolved.” 
Leszek Borysiewicz, vice-chancellor of the 
University of Cambridge, which won four 
awards, believes the impact will be positive: 
“Universities will adapt to this way of funding 
research.” MRC Chief Executive John Savill 
points out that the United Kingdom spends 
£3 billion a year on biomedical research, leav- 
ing “a lot of alternatives” to the discontinued 
Wellcome programs. -COLIN MACILWAIN 
Colin Macilwain is a writer based in Edinburgh, U.K. 
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Appraising U.K. Ecosystems, 
Report Envisions Greener Horizon 


A group of 500 scientists has just released the 
first-ever assessment" of the status of ecosys- 
tems in the United Kingdom, evaluating their 
ability to provide food, sustain biodiversity, 
and perform many other services. The over- 
all conclusion: Some 30% of these ecosys- 
tem functions are currently declining. The 
report suggests that the government could 
do a better job managing these ecosystems— 
and reap more benefits for society—if it took 
into account the economic value of a broader 
array of natural benefits, such as recreation 
and carbon sequestration. 

In the most comprehensive attempt yet, 
the report calculates the economic values of 
several benefits across an entire nation. The 
analysis “is the best of its kind” and “a step 
toward ecosystem accounting,” says Robert 
Scholes, a systems ecologist with the Coun- 
cil for Scientific and Industrial Research in 
Pretoria, South Africa, who was not involved 
in the study. 

The new report is modeled on the global 
Millennium Ecosystem Assessment, which 
highlighted the parlous state of ecosys- 
tems worldwide and emphasized the impor- 
tance of the benefits they provide (Science, 
1 April 2005, p. 41). During a 2007 review 
of the U.K.’s environmental policy, a House 
of Commons environmental committee 
called for a similar national assessment. 
About half the £1.3 million funding came 
from the Department for the Environment, 
Food and Rural Affairs (DEFRA), with 
the remainder coming from other environ- 
mental agencies. The effort was co-led by 
Robert Watson, DEFRA’s science adviser 
and one of the architects of the Millennium 
Assessment. 

For 2 years, a team of more than 500 
experts evaluated the status of 25 ecosys- 
tem services within eight broad habitat types, 
such as cities, farms, and woodlands. The 
results were mixed. “On important indicators 
we continue to move down an unsustainable 
path, despite some improvements,” Scholes 
says. A third of services are declining, such 
as soil quality. Many others, like water qual- 
ity in streams and wetlands, are stable but 
remain degraded. On the other hand, farm 
yields have increased dramatically since 
1945. The capacity of ecosystems to pro- 


“UK National Ecosystem Assessment (2011), Synthesis of 
the Key Findings, UNEP-WCMC, Cambridge. 


vide several services has recovered in recent 
decades, including air quality, due in part to 
environmental regulations. Some improve- 
ments in ecosystem function, however, come 
at the expense of other nations: The United 
Kingdom imports 30% of its food and 80% 
of its timber, which means the associated 
ecosystem degradation is happening outside 
UK. borders. 

To better inform policymakers, the 
authors went a step further than did the Mil- 
lennium Assessment and gauged the eco- 
nomic value of several ecosystem services. 


Another path. Including more values of nature, 
such as recreation, can better inform land-use policy. 


This is easy for crops and timber, which fetch 
a market price, but can be more difficult and 
time-consuming for so-called nonmarket 
values of nature, such as aesthetic pleasure 
or biodiversity. “It’s superhard to do so that 
you would believe the numbers at a national 
level,” says economist Stephen Polasky of 
the University of Minnesota, Twin Cities, 
who advised the project. 

The team combed through the scien- 
tific literature and also conducted original 
analyses. Charles Perring of Arizona State 
University in Tempe describes the effort 
as “a nice, rather conservative, traditional 
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approach to ecosystem service account- 
ing.” They found, for example, that inland 
wetlands improve water quality to the tune 
of £1.5 billion per year. Access to rivers, 
coasts, and wetlands is worth up to £1.3 bil- 
lion annually. The calculations, some done 
to a square-kilometer resolution, show that 
location matters a lot; woodlands near cit- 
ies offer a larger sum of recreational ben- 
efits than those more distant. “We should 
have forests around British cities,” says Ian 
Bateman of the University of East Anglia, 
who led the economic analysis. 

The core of the economic analysis cen- 
tered on six scenarios of what U.K. eco- 
systems might look like in 2060, given various 
policy decisions. For example, in the “World 
Markets” scenario, the government boosts 
agricultural production and eases regulations. 
By contrast, in the “Nature@work” scenario, 
officials encourage the cultivation of land- 
scapes that balance a variety of needs from 
timber to hiking. 

A key point that emerged was the impor- 
tance of including nonmarket values in pol- 
icy decisions. When only agricultural output 
was considered, the World Markets scenario 
offered the second greatest economic benefits 
among the six scenarios, and Nature@work 
was dead last (because it lessens the amount 
and intensity of agriculture). However, the 
tables were turned when the economic value 
of countryside recreation, urban greenspace, 
and greenhouse gas emissions were mone- 
tized. Nature@work offered the largest ben- 
efits and World Markets the smallest. “It’s a 
radical change in the prioritization of the best 
way forward,” Bateman says. 

Co-chair Steve Albon of the James 
Hutton Institute in Aberdeen, United King- 
dom, notes that the team deliberately 
avoided policy prescriptions: “Our view is 
that this needs to be a more participatory 
approach not only with government but 
the wider stakeholder community, too.” As 
for the report’s impact, many observers are 
encouraged by the fact that the government 
itself commissioned the report—rather than, 
say, a nonprofit with limited clout—which 
increases the odds that its messages will be 
heard and data sets used. 

Despite progress on monetizing the value 
of outdoor recreation and urban greenspace, 
much research is needed to estimate the eco- 
nomic value of other nonmarket ecosystem 
benefits such as added value of wild pollina- 
tors for crops. “Leaving them out will lead to 
bad decisions,” Polasky says. “But routinely 
including them in decision-making will 
require a lot more work.” 

—ERIK STOKSTAD 
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DNA Nanotechnology 


Grows Up 


Once dismissed as molecular parlor tricks, techniques for piecing 
ultrasmall structures together with DNA are starting to prove their 


worth in serious research 


SNOWBIRD, UTAH—AII scientists face rejec- 
tion when their proposals are dissected and 
their papers picked apart. Ned Seeman’s worst 
slapdown came after what he considered 
at the time his greatest success. Seeman, an 
x-ray crystallographer at New York Univer- 
sity (NYU) in New York City, had spent more 
than a decade working out the details of how 
to use DNA not as the master genetic con- 
trol, but as a construction material for mak- 
ing molecular beams, joints, and girders that 
could be programmed to weld themselves 
together in molecular triangles, squares, and 
other simple shapes. Finally, in 1991, Seeman 
and colleagues at NYU managed to forge a 
DNA cube, the first three-dimensional (3D) 
nanoscale object in which the position of each 
atom was programmed, defined, and known. 
Seeman submitted his manuscript to 
(ahem) Science. But it was promptly returned 
with a comment from a reviewer who, as See- 
man recalls, asked, “Where is the biology?” 
Today, Seeman is regarded as the founder of 
the burgeoning field of DNA nanotechnol- 
ogy, in which researchers arrange DNA’s four 
building blocks—molecules of adenine (A), 
guanine (G), cytosine (C), and thymine (T)— 
so that they assemble themselves into what- 
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ever structures the scientists want to build. 
After cubes, researchers in the field went on 
to build octahedra, rafts, smiley faces, and 
even a collection of strands that look like a 
Rock ’Em Sock ’Em Robot. Many critics are 
still unconvinced. “People always say, ‘Yeah, 
that’s cute. So what? What are you going to do 
with it?’ Seeman says. Or as Hendrik Dietz, 
a biophysicist at the Technical University of 
Munich in Germany, says he often hears it, 
“ “It’s an amusing but pointless exercise.’ ” 
“Pointless” may seem harsh for an 
endeavor that represents nanotechnology’s 
closest thing to building materials atom by 
atom from the ground up. But until now, the 
critics had a point: The field has searched for 
relevance. 
No longer. DNA nanotechnology has left 
its childhood behind and entered adolescence. 
Like a teenager who clings to parts of child- 
hood, some DNA nanotech continues to be 
playful and impractical. (The molecular robot 
boxer can’t actually throw a punch.) But the 
field is also growing in strength and power. It’s 
now churning out applications that are help- 
ing researchers map the atomic structure of 
proteins and compute inside cells (see sidebar, 
p. 1142), and soon may even start tracking and 


Build up. DNA folding has constructed ever- 
more-complex objects, including a simple cube, 
two-dimensional faces and figures, and a 3D vase. 


curing diseases. ““We’re still playing around,” 
says Andrew Turberfield, a physicist at the 
University of Oxford in the United Kingdom. 
“But we’ve gotten good enough that we can 
do some interesting things.” 


Flying fish 

Getting to this stage has been a slog. Thirty 
years ago, Seeman, then a young assistant 
professor, was struggling to make a mark in 
his field of protein crystallography, in which 
researchers interpret the way beams of 
x-rays bounce off copies of a protein aligned 
ina crystal to work out the molecule’s struc- 
ture. Many proteins rebuff efforts to force 
this order. And Seeman was struggling. “I 
was confronting this fatal progression of no 
crystals, no crystallography, no crystallogra- 
pher,” he recalls. 

Seeman wondered whether DNA might 
help. DNA is most commonly thought of as 
a linear chain of A’s, T’s, G’s, and C’s. That’s 
true, of course. But thanks to the propensity 
of individual nucleotide bases of DNA to pair 
with one another (T’s with A’s and G’s with 
C’s), DNA in cells forms a double helix, in 
which two strands of complementary nucle- 
otides zip together. Seeman and others knew 
that under special circumstances, such as 
when DNA is copied during cell division, 
double-stranded DNA can unzip and begin 
binding to other strands, forming DNAs with 
branch points, not perfectly linear molecules. 
By tweaking the DNA’s base pair sequence, 
researchers quickly realized that they could 
make artificial DNA branches with four arms, 
six arms, or more. 

It was these branched DNAs that gave 
Seeman his eureka moment. In a tale that 
has risen to legend in the field, Seeman was 
drinking a beer in a bar in Albany when an 
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image of the M. C. Escher woodcut Depth 
popped into his head. The woodcut depicts 
dozens of flying fish soaring in formation, 
with head and tail, left and right fins, and 
top and bottom fins all oriented the same 
way. Seeman realized that artificial DNAs 
with six arms (front, back, up, down, left, 
and right) could be tailored to link up into a 
regular 3D cubic lattice with a large empty 
space at the center of each cube. And as a 
crystallographer, Seeman immediately envi- 
sioned that such an array could be used to 
trap copies of a single protein in the voids 
and get them to line up with the same ori- 
entation. In other words, he imagined a tool 
for determining the structure of virtually any 
protein at will. 

In 1982, Seeman and colleagues laid out 
their ideas for creating such a lattice and 
other complex nanostructures in the Jour- 
nal of Theoretical Biology. Actually mak- 
ing the structures was a lot harder. “It took 
a long time to figure out how to get these 
experiments to work,” Seeman says. Among 
the challenges were learning how to outfit 
double-stranded DNAs with single-stranded 
tails that would link up with a complemen- 
tary tail on another DNA fragment and how 
to make normally floppy DNAs rigid enough 
to form stable structures. 

A series of advances cleared these and 
other hurdles. Over the next few years, 
Seeman’s lab turned out triangles, squares, 
and other shapes. Then came the 1991 cube, 
and by 1998 Seeman’s team had figured out 
how to assemble such parts into an extended 
two-dimensional array. Even then the field 
remained small, as building new structures 
required painstaking effort to design and 
synthesize all the component DNA strands. 
And synthesizers could churn out DNAs 
only hundreds of base pairs in length, a con- 
straint that limited the complexity of the 
final structures. 

That changed 4 years ago when Paul 
Rothemund, a chemist at the California 
Institute of Technology in Pasadena, and 
colleagues developed a technique called 
DNA origami. He and colleagues started 
with a 7000-base-pair viral genome for 
which the entire sequence was known. 


64mer double strand WAWWWWWWWT 


Next, using a computer, they modeled how 
they would need to fold this single strand 
over and back upon itself to create a desired 
shape. Then they synthesized 250 short “sta- 
ple” DNA strands designed to bind to sec- 
tions of the DNA that ended up next to each 
other when folded, holding the structure in 
shape. Finally, the researchers added the 
staples to the viral genome, heated the brew, 
and cooled it down. Presto, the now iconic 
image of the DNA smiley face. “Seeing the 


Molecular vise? A void in this DNA may hold pro- 
teins inside to map their atomic structure. 


pictures, my jaw dropped,” says William 
Shih, a DNA nanotech expert at Harvard 
Medical School (HMS) in Boston. “This 
was a game changer for the field.” Adds 
Dietz: “With origami, it’s gone ‘whoosh!’ 
to a completely different scale. Now we can 
make structures in the megadalton range 
with 16,000 base pairs where the position 
of every base pair is at a precisely registered 
position.” And since Rothemund’s achieve- 
ment other groups have added versions of 
the technique to fold DNA origami in 3D, 
as well as computer-aided design programs 
able to automate the task. 


Construction boom 

These advances haven’t quieted all of the 
critics. At a Foundations of Nanoscience 
meeting held here in April,” a prominent U.S. 
chemist who asked not to be named said that 
he still thought the field lacks widespread 
utility. But Shih and other proponents argue 
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Freeze frame. A tiny reaction chamber built from DNA (green) enables chemists to watch how DNA- 
binding proteins interact with DNA strands of different length. 
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that is beginning to change. “Some people 
see a DNA robot and say, ‘You can build a 
robot,’ ” Shih says. “Some people see a robot 
and say, ‘You can build anything.’” 

Maybe not anything yet. But Seeman, for 
one, is now aiming to complete his original 
dream of using DNA nanostructures to help 
solve protein structures. In 2009, Seeman 
and a host of collaborators reported in Nature 
that they had stitched together a series of tri- 
angles into a rigid crystalline 3D lattice with 
thombohedral voids. Then, using x-ray crys- 
tallography, they mapped out the structure of 
their crystal with a resolution of 4 angstroms. 
When he showed an image of the crystal at 
the meeting, Seeman exclaimed: “This is the 
most exciting slide I’ve ever shown. I know 
where every atom is.” 

More or less, that is. Getting a picture ofa 
molecule with a 4-angstrom resolution sug- 
gests that the arms are still wiggling around 
too much to determine the structure of copies 
of a protein held within. So Seeman’s team 
is still working on getting its lattices to dif- 
fract at a higher resolution and on anchor- 
ing copies of a protein to be imaged inside 
each cell. If they succeed, they will be able to 
work out the shape of the protein by carrying 
out x-ray diffraction on the combination and 
then subtracting out the scaffolding holding 
the protein in place. 

While Seeman’s group tinkers with 
its protein scaffolds, researchers in other 
groups have been making progress with 
alternatives. At the meeting, for example, 
Shih reported that he and colleagues had for 
the first time used DNA nanotech tools to 
map the structure of a previously unsolved 
protein, using nuclear magnetic resonance 
(NMR) spectroscopy. The technique works 
by identifying the magnetic signature of 
atoms in proteins relative to their neigh- 
bors. By knowing each atom’s neighbors, 
researchers can piece together the structure 
of an overall protein, in a process much like 
solving a complex jigsaw puzzle. But the 
technique works only for modest-sized pro- 
teins, for which sorting out the interactions 
between neighbors is manageable. 

Tweaks to standard NMR have provided 
researchers with additional bits of informa- 
tion for helping solve their molecular jig- 
saws. In 1997, for example, researchers at the 
National Institute of Diabetes and Digestive 
and Kidney Diseases spiked a protein-con- 
taining NMR solution with a compound that 
spontaneously forms liquid crystals, mate- 
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Next Step: DNA Robots? 


DNA nanotechnology isn’t only about using 
DNA as a set of tiny Tinkertoys. Researchers in 
the field have long sought to use DNA’s ability 
to store and manipulate information to build a 
DNA computer. But after years of trying—and 
failing—to outdo conventional computer tech- 
nology, the field is finally advancing by going 
back to DNA’s biochemical roots. 

The appeal of a molecular computer is easy to 
see. Asingle gram of dried DNA contains roughly 
as much information as 1 trillion compact discs. 
And the fact that life exists and evolves shows 
that this information can be stored, read out, 
manipulated, and copied. In short, it can be 
used for computation. In principle, the selective 
binding and unbinding of complementary DNA 
strands can even be used to process vast amounts 
of information in parallel. 

In 1994, Leonard Adleman, a computer sci- 
entist at the University of Southern California 
in Los Angeles, harnessed that power to solve 
a so-called Hamiltonian path problem, a ver- 
sion of the well-known “traveling salesman 
problem” that computer scientists use as a 
benchmark for tough computations (Science, 
11 November 1994, p. 1021). Later, Adleman 
and other researchers moved on to far more 
complex problems. The idea of using DNA to 
perform conventional computations, however, 
quickly fizzled out. 

“We gave up on that back around 1998,” 
says Erik Winfree, a DNA computation expert at 
the California Institute of Technology (Caltech) 
in Pasadena. DNA computers, Winfree notes, 
are slow, error-prone, and difficult to scale up 
to perform millions of operations. That makes 
them impractical for tasks that microelectron- 
ics does well. 

Instead, Winfree and others argue, DNA 
computers should play to their strength: pro- 
cessing information inside organisms or other 
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wet environments where conventional com- 
puter chips can’t go. “The real application is 
making slow, crappy computers that can talk 
to cells,” enabling them to do things such as 
diagnose and treat diseases, says William Shih, 
a biological chemist at Harvard Medical School 
in Boston. “You don’t need [Intel’s] Core 2 Duo 
processor to do that.” 

A striking example of this approach came 
last year from the laboratory of Niles Pierce, 
one of Winfree’s colleagues at Caltech. In an 
article published online 7 September 2010 in 
the Proceedings of the National Academy of Sci- 
ences, Pierce and Caltech colleagues described 
how they had used pairs of small synthetic mol- 
ecules of DNA’s short-lived cousin RNA to diag- 
nose and kill tumor cells in vitro. The first RNA 
strand was designed to recognize and bind to 
an RNA unique to cancer cells. Latching on to 
the cellular RNA caused the strand to expose 
a binding site to which the second RNA could 
attach itself. That second binding, in turn, 
unleashed a chemical cascade that made the 
cancer cell think it had been infected with a 
virus and triggered the cell to kill itself. Non- 
cancer cells, meanwhile, were spared. 

Pierce and his colleagues also reported 
online 31 October in Nature Biotechnology that 
a related strategy could be used to image RNA 
expression inside cells. To researchers in the 
field, such sensor-triggered step-by-step pro- 
cesses represent biological computer programs. 

Chemists are also getting in on the act, 
using tiny DNA “walkers” to help them build 
molecules. DNA walkers are rudimentary DNA 
robots designed to move step by step down a 
linear track. The robots’ legs are DNA strands 
that bind to specific complementary DNAs on 
a predesigned surface. Although there are 
many types of walkers, most take a step each 
time researchers add a specific DNA snippet, 
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Nano assembly line. As a DNA 
walker (W) takes successive 
steps across a surface (S1, $2, 
$3), it adds pieces of molecular 
cargo to a growing chain. 


known as a “fuel” strand, to their brew. Each 
fuel strand acts like a computer command tell- 
ing the walker what to do next. The first fuel 
strand binds the site on the track holding the 
back “leg” of a two-legged walker, causing it 
to unbind from its DNA partner on the surface, 
and then bind to another DNA sequence past 
the front leg. Another snippet is then added to 
move the second leg forward, and so on. 

In 2010, three groups took the idea a big 
step forward by putting DNA walkers to work as 
construction crews. In the 13 May 2010 issue of 
Nature, Nadrian “Ned” Seeman, a DNA nano- 
tech expert at New York University, and his col- 
leagues described creating a fleet of DNA walk- 
ers, each with four legs and three DNA arms 
designed to pick up and move various pieces 
of molecular cargo. Seeman’s DNA walkers 
linked their successive loads into a growing 
molecule, creating perhaps the world’s small- 
est assembly line. 

Groups led byAndrewTurberfield, a physicist 
at the University of Oxford in the United King- 
dom, and David Liu, a chemist at Harvard Uni- 
versity, built related construction robots a short 
while later. And earlier this year, Turberfield 
and his team reported in Nano Letters that they 
had programmed their cargo-carrying walkers 
to move in desired directions down a track with 
multiple branches that are preprogrammed 
to display synthesized DNA with binding sites 
specific to DNA stretches on the legs of the 
walkers. In the future, Turberfield says, 
researchers might be able to program multiple 
robots to construct a wide variety of different 
molecules simultaneously. 

For now, these and other DNA machines are 
slow and simple. But they've already proved 
that they can manipulate information in ways 
that microelectronics may never be able to 
match. -R.FS. 
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rials that flow but have a regular molecular 
orientation like a crystal. They found that 
as the protein molecules tumbled around in 
solution and repeatedly banged into the walls 
of this soft crystalline material, they wound 
up spending ever-so-slightly-more time in 
one particular orientation than in others. The 
subtle preference biased the NMR results 
enough for the researchers to spot clues such 
as the angle between two atoms bonded in 
a protein. That information made it possi- 
ble to solve structures for several proteins 
that reside in cell membranes and are nearly 
impossible to crystallize. A big drawback 
to the technique and later variations of it is 
that many cell-membrane proteins can stay 
in solution only with the help 
of detergents, which often tear 
apart the liquid crystals. 

In 2007, Shih and col- 
leagues replaced liquid crys- 
tals with origami-based 
DNA nanotubes that weren’t 
affected by detergents. They 
showed they could solve the 
structure of a transmem- 
brane protein domain of a 
T cell receptor. The structure 
had previously been deter- 
mined by other methods, so 
it wasn’t clear whether the 
technique could be used to 
solve unknown proteins. 
At the April meeting, Shih 
reported that he and his colleagues had used 
the origami nanotubes to solve the structure 
of a previously unsolved membrane protein 
known as UCP2, which helps govern insulin 
secretion in pancreatic cells. 

That’s not all. Turberfield’s lab at Oxford 
reported online 10 January in Nano Letters 
that it had used related DNA nanotech tools 
to improve another protein structure determi- 
nation technique called cryo—electron micros- 
copy. In this case, Turberfield’s team obtained 
high-resolution images of a hard-to-crystal- 
lize protein known as a G protein, the receptor 
that binds it, and the two paired together. 

DNA nanotech’s growth isn’t limited to 
mapping proteins. At Kyoto University in 
Japan, chemical biologist Hiroshi Sugiyama 
has turned to DNA nanotechnology to help 
him watch protein catalysts carry out reac- 
tions in real time. Sugiyama and colleagues at 
Kyoto and the Japan Science and Technology 
Corp. in Tokyo reported online 15 January 
2010 in the Journal of the American Chemical 
Society using DNA origami to stitch together 
what looks like a minuscule picture frame. 
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They then spanned the frame with two nearly 
identical double-stranded DNAs tailored to 
interact with a protein called M.EcoRI, which 
adds methyl groups to specific sites in DNA as 
a key part of cellular development. 

M.EcoRI works by bending its target 
DNA by as much 59° in order to insert its 
methyl group. To see this feat in operation, 
Sugiyama and his colleagues engineered two 
DNA strands and stretched them across the 
frame. The first, 64 bases long, was taut; the 
other, with 74 nucleic acid bases, was flop- 
pier. They then watched the protein with 
a fast rastering atomic force microscope. 
M.EcoRI had a far easier time stuffing its 
methyl group into the longer, relaxed strand, 
suggesting that DNA’s structure plays a big 
part in how it is modified. Seeman, for one, 


Soft touch. Rigid DNA linkers (gray bars) gently pull apart plastic beads held by laser 
tweezers (left and right sides) to reveal how proteins stretched between them fold. 


says he’s impressed by the results: “It’s a 
chemist’s dream to watch individual reac- 
tions happen.” 

Biophysicists are also looking to DNA 
constructions to help them investigate mol- 
ecules one at a time. At the meeting, Dietz 
reported that he and his colleagues are using 
DNA origami to improve a now-standard set 
of biophysics tools to see what happens to 
proteins and DNA as they are pulled apart. In 
the standard approach, researchers use lasers 
as molecular tweezers to trap plastic beads 
ina particular location in solution. Then they 
attach linkers to these beads and anchor a 
protein or other target molecule between the 
two linkers. By making slight adjustments 
to the lasers, researchers can pull the beads 
apart and bring them back together to see 
how the changes in tension affect a protein’s 
ability to fold, among other properties. 

But the technique has limitations. For 
starters, current linkers are floppy. This blurs 
the resolution of techniques used to track 
the captured protein. What’s more, once the 
protein is pulled apart, the linkers drift away 
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from one another, so the experiment cannot 
be run in reverse or repeated. And in many 
cases, the floppy linkers must be yanked so 
hard to get the proteins to move that they pull 
the protein apart. 

So Dietz and his colleagues replaced the 
usual floppy linkers with stiff rods made from 
DNA origami containing as many as 18 heli- 
cal tubes each. They haven’t tried them on a 
working protein yet. But initial tests have 
shown that the rigid DNA bundles are better 
at transferring force to their targets, making 
it possible to move the pinned molecules with 
less than half the applied force. That should 
make tracking the effect on proteins easier. 
The rigid linkers should also stay in place 
once an experiment is run, allowing it to be 
reversed. “We’re excited,” Dietz says. “If you 
can build on the scale of bio- 
logical macromolecules, it 
opens up new areas of scien- 
tific exploration.” 

Someday, DNA nanotech- 
nology may also push past 
basic science to find real-world 
applications. Shawn Doug- 
las, a postdoc in the genet- 
ics technology lab of George 
Church at HMS, is working on 
what he calls a DNA origami 
nanorobot designed to seek 
out and destroy cancer cells. 
Douglas’s “robot” looks more 
like a hollow cylinder some 
60 nanometers long and 25 
nanometers across. He built 
it from DNA origami and stapled it closed 
using DNA strands called aptamers, which in 
this case were designed to bind specifically 
to molecules specific to cancer cells. He 
then loaded the cylinders with fluorescent 
immune-system proteins that bind to cancer 
cells and induce apoptosis and added them to 
cancer cells in an in vitro assay. The loaded 
cylinders bound to their targets, released 
their cargo, and killed up to 40% of the cells. 
The work has a way to go before it will be 
ready for patients. Nevertheless, “it’s beauti- 
ful data,” says Tim Liedl, a condensed matter 
physicist at Ludwig Maximilian University 
in Munich, Germany. “It’s getting us closer 
to the vision of something patrolling our own 
bloodstreams.” 

Certainly DNA nanotech has not reached 
that level of maturity. But Shih and others say 
it’s growing up fast. “In the next 5 years, this 
is where we’re going to make a real contribu- 
tion, getting control over small collections of 
individual molecules,” Shih says. By then the 
teenager may find itself a young adult. 

ROBERT F. SERVICE 
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Possible Sighting of Dark Matter 
Fires Up Search and Tempers 


A second experiment may have spotted hypothetical dark matter particles called 
WIMPs, but its leader’s take-no-prisoners attitude has competitors steaming 


It’s not hard to imagine Juan Collar as a mata- 
dor. He is Spanish, for one thing, and he cer- 
tainly seems to relish waving a red flag in front 
of his rivals. Collar’s arena doesn’t involve 
charging bulls or flashing swords, however. 
The University of Chicago cosmologist is a 
contender in the intensely competitive race 
to find dark matter: the mysterious, invis- 
ible stuff that is thought to constitute 80% of 
the universe’s mass. And in recent weeks, the 
47-year-old researcher has emerged as the 
bad boy of dark matter detection. 

Collar made waves in May at the Amer- 
ican Physical Society meeting in Anaheim, 
California, when he announced prelimi- 
nary results from an experiment that he has 
been running inside an abandoned mine in 
Soudan, Minnesota. The results suggest 
that Collar’s group may have spotted a dark 
matter signal in their detector, which goes 


v 


A true sighting? The CoGeNT experiment, led by Juan Collar (left), uses a disk of germanium crystals 


some theorists have proposed as the main 
building block of dark matter. 

But that’s not the only reason Collar is 
drawing attention. In talks over the past 
month, he has taken his sword to a rival exper- 
iment called XENON, led by Elena Aprile of 
Columbia University, which has long chal- 
lenged DAMA’ assertion of having detected 
dark matter. Although Collar has himself 
expressed skepticism about DAMA’s results 
in the past, he says Aprile and her colleagues 
are relying on shoddy science and flawed anal- 
ysis to debunk DAMA’s claim. 

“T have not seen a sloppier job than what 
XENON is push- 
ing,” says Collar, who 
seems to straddle a > 
youthful rebellious- 
ness and middle-aged 
curmudgeonliness. 
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(inset) for dark matter detection. It may have seen a dark matter signal. 


by the name Coherent Germanium Neutrino 
Technology (CoGeNT). Ifthe results hold up 
to scrutiny and are confirmed by more obser- 
vations from Collar’s experiment, it will be 
the first corroboration of a similar signal that 
an Italian underground observatory called 
DAMA has been seeing for 10 years. That 
would considerably strengthen the case that 
researchers have indeed detected the weakly 
interacting massive particles (WIMPS) that 


“They cannot fool all of the people all of the 
time.” Collar’s stinging remarks—one of his 
slides describes a particular XENON result as 
“pure, weapons-grade balonium’’—have been 
countered by scalding rebukes from Aprile, 
who calls Collar’s attack on XENON a “Span- 
ish Inquisition.” She says Collar should be 
more concerned with the fact that CoGeNT’s 
result contradicts yet another, longer-running 
dark matter experiment located in the same 


mine, which has not seen a dark matter signal 
even though its detector uses the same target 
material as CoGeNT’s: germanium. 

Controversy is nothing new to the field of 
dark matter research. In fact, it is only to be 
expected in the search for anything that has 
been hypothesized but not yet detected con- 
vincingly. But Collar’s taunting of XENON 
appears to have heated up the debate over 
DAMAs claim to unprecedented red-hot tem- 
peratures. “There’s a little bit of Nobelitis 
going around,” says Daniel McKinsey, a parti- 
cle physicist at Yale University who was once 
a XENON collaborator. “The stakes are high, 
and there are strong personalities involved.” 

He’s referring not just to Collar and Aprile, 
both of whom have a reputation for being pug- 
nacious, but also to Rita Bernabei, leader of 
the DAMA project, who is known for her no- 
nonsense air and impatience with critics. The 
three scientists may be looking for WIMPs, 
but their interactions with one another have 
been anything but weak, and it’s safe to say 
that none of them is a wimp. 


Complicated quest 

The existence of dark matter 
was proposed decades ago when 
astronomers realized that the 
mass of stars, dust, gas, and other 
ordinary matter could not provide 
sufficient gravitational glue to 
hold a galaxy together as it spun 
around. There had to be invisi- 
ble matter that endowed galaxies 
with most of their mass. Theorists hypothe- 
sized that this mysterious stuff was made of 
particles that were massive and barely inter- 
acted with the ordinary matter of the uni- 
verse: WIMPs. Since then, rival hypotheses 
about what constitutes dark matter have faded 
in popularity (Science, 21 July 2006, p. 287), 
leaving WIMPs as the leading candidate. 

Astronomers and particle physicists have 
launched a variety of attempts to detect dark 
matter through astrophysical observations 
in space and underground particle detectors. 
The search is complicated not just because 
WIMPs, if they exist, can barrel through a lot 
of ordinary matter without leaving a trace, but 
also because researchers don’t know how light 
or heavy a WIMP might be. 

In December 1998, the DAMA collabora- 
tion, led by Bernabei, a physicist at the Uni- 
versity of Rome, reported that it had seen a 
dark matter signal. The collaboration’s detec- 
tor was an instrument equipped with nine 
10-kg crystals of sodium iodide, a material 
that scintillates, or produces a tiny flash of 
light, when its nuclei or electrons recoil after 
being hit by an incoming particle. The detec- 
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tor, running inside the Gran Sasso mountain 
in central Italy, had witnessed a pattern of 
flashes that Bernabei’s group claimed could 
have been produced only by WIMPs colliding 
with nuclei in the crystals. 

The clinching evidence, the research- 
ers said, was a seasonal fluctuation in the 
scintillation that was in line with a widely 
accepted picture of WIMPs. As the sun orbits 
the galactic center, the solar system swoops 
through our galaxy’s “dark matter halo” like 
a car driving through rain. Meanwhile, Earth 
is also circling the sun, moving sometimes 
into the “rain” of dark matter particles— 
WIMPS—and sometimes away from it (see 
figure, p.1147). As a result, the number of 
WIMPs striking a detector on Earth should 
peak during the summer and dip in winter. 
That’s exactly the pattern that Bernabei’s 
group reported seeing in its signal. 

Many researchers were skeptical about 
DAMA’ss claim, in part because the group 
would not make all of its data available for 
scrutiny. An independent examination of both 
published and unpublished data was required, 
critics said, because of the complicated analy- 
sis involved in extracting a WIMP signal from 
the background noise of mundane events that 
produce similar flashes of light, 
such as incoming gamma rays. 

Although DAMA reported 
seeing the annual modula- |g 
tion year after year, skeptics 
remained unconvinced, much to 
the frustration of Bernabei and 
her colleagues. At the top of its 
home page on the Web, DAMA posted part 
of Rudyard Kipling’s poem /f to convey 
the group’s feeling of having been treated 
unfairly. It reads: “If you can bear to hear 
the truth you’ve spoken/twisted by knaves 
to make a trap for fools,/... youll be a Man 
my son!” 


Hope for the WIMPs 

The problem was that other detectors did not 
see a dark matter signal. One effort was led 
by Aprile, head of the XENON collaboration, 
which built a detector by hooking up electron- 
ics toa 15-kg vat of liquid xenon. The technol- 
ogy is able to measure both light flashes and 
electrical charge resulting from nuclear and 
electronic recoil in xenon atoms when they 
are struck by external particles. Aprile, like 
Bernabei an Italian, ran the experiment inside 
Gran Sasso National Laboratory between 
March 2006 and October 2007 and failed to 
see a WIMP signal, which was seen as a strike 
against DAMA’s claim. A second version of 
the experiment, using 62 kg of xenon to pro- 
vide much higher sensitivity, did not see any 
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WIMPs either, Aprile reported in May in a 
talk at the Space Science Telescope Institute 
in Baltimore, Maryland. 

Another blow to DAMA came from 
results of a U.S.-based experiment called the 
Cryogenic Dark Matter Search (CDMS), 
whose detector consists of germanium and 
silicon crystals cooled to near absolute zero. 
The experiment is run by a collaboration of 
14 universities, including Stan- 
ford; the University of California, 
Berkeley; the California Institute 
of Technology, and others. The 
instrument offers the advantage of 
being able to distinguish between 
nuclear recoil events—likely to 
be caused by a WIMP striking the 
target material—and electron recoils, which 
are caused by non-WIMP events. Deployed 
in the Soudan mine since 2003, the detector 
has not seen WIMPs. 

In December 2009, Collar and his col- 
leagues began running the CoGeNT exper- 
iment in the Soudan mine, right next to 
CDMS’s detector. Although CoGeNT can- 
not distinguish between electron and nuclear 
recoils the way CDMS can, it can measure 
the tiniest of charges produced in the germa- 
nium crystals. That allows it to detect very 
low energy events, which would be the case 
if WIMPs are light. “It makes CoGeNT the 
most sensitive instrument available to detect 
light WIMPs,” Collar says. 

In 2010, Collar’s group reported that the 
detector had seen some events suggesting 
evidence for light WIMPs. In April 2011, 
after a fire in the Soudan mine caused a 
temporary shutdown of both CoGeNT and 
CDMS, Collar and his colleagues analyzed 
the 15 months of data they had collected. 
They discovered an annual modulation in the 
signal that was consistent with DAMA’s find- 


WIMP-less. Elena 
Aprile’s XENON 
experiment has 
not seen any dark 
matter particles. | 


ings, although the statistical significance of 
2.86 was too low to support any chest-thump- 
ing assertions. And so, in talks describing that 
result, Collar has been careful to mute his 
excitement, noting that the modulation needs 
to be seen consistently over the coming years. 

Collar says CoGeNT does not claim to 
have detected WIMPs, as DAMA has done. 
“We want to make 100% sure that nobody 
accuses us of making a claim based on these 
very limited statistics,” he says. “We just want 
to present the facts, share the data, and take 
two steps back. Even if we had a stronger sta- 
tistical case, it would be one for the presence 
of a modulation, not the presence of WIMPs.” 

CoGeNT’s findings, which Collar was 
preparing to post on the preprint server arXiv 
this week, have given DAMA researchers a 
glimmer of hope that the tide of scientific 
opinion may at last be turning in their favor. 
“The results of CoGeNT are very intriguing, 
and we wait with great interest to read the 
scientific paper,’ Bernabei told Science in an 
e-mail interview. 

Rafael Lang, a postdoc at Columbia 
and a member of XENON, says the obvi- 
ous question Collar needs to answer is why 
CDMS has not seen the events that CoGeNT 
has, especially as both detectors use ger- 
manium and are located in the same mine. 
And in Lang’s view, the ability to distinguish 
between electron and nuclear recoils makes 
CDMS the detector to beat. 

Collar says part of the difference arises 
because of CoGeNT’s ability to detect low- 
energy events, and part of it lies in statis- 
tical methods used to analyze the data. He 
argues that CDMS researchers could have 
tossed out the dark matter signal from their 
data. Blas Cabrera, a physicist at Stanford 
University in Palo Alto, California, who is 
a spokesperson for the CDMS collabora- 
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RIDING THE WAVES 


December 


Ups and downs. If the solar system is hurtling through 


=230 km/s 


a sea of WIMPs, changes in Earth's orientation should 


make detections rise in June and 


tion, says CDMS stands by its results. “We 
believe our paper is pretty solid,’ Cabrera 
says, adding that CDMS’s findings largely 
rule out a light WIMP of the kind that 
CoGeNT is entertaining. 

Although Cabrera acknowledges that 
CoGeNT has the “world’s best charge mea- 
surement capability,’ he does not believe it 
gives CoGeNT an advantage over CDMS 
when it comes to detecting light WIMPs. He is 
reluctant to poke holes in CoGeNT’s analysis, 
however, and prefers to stay out of the squab- 
ble. Collar’s “approach has been like a ton of 
bricks that doesn’t encourage proper scientific 
discourse,” he says. 


Above the noise 

In Collar’s view, DAMA’s assertive claim 
combined with the refusal to show all of its 
data has made some in the field overly eager 
to prove the group wrong. He singles out 
XENON’ researchers for special criticism. 

Collar says XENON’s Aprile and others 
should acknowledge that liquid xenon is not 
such a great target for detecting light WIMPs. 
Because xenon is a lot heavier than ger- 
manium or sodium iodide, he says, a xenon 
nucleus will recoil much less if a WIMP 
strikes it. As a result, it might produce a sig- 
nal too small to be detected reliably over back- 
ground noise. 

In a critique of XENON published last 
year, Collar and Yale’s McKinsey pointed 
out that XENON’s analysis had relied on a 
flawed and incomplete understanding of how 
a xenon nucleus behaves when it has a small 
amount of energy deposited on it, as would be 
the case in an encounter with a light WIMP. 
XENON researchers have since redone some 
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of the analysis, but Collar says Aprile and her 
colleagues are still a long way from drawing 
unbiased conclusions. “Whenever they face 
an uncertainty,” Collar says, “they choose the 
route that helps them obtain the best limits.” In 
other words, they choose an interpretation that 
tules out WIMPs. And Collar says XENON’s 
researchers are not being transparent about all 
of their uncertainties and assumptions. 

“Juan is losing his mind,” says Aprile, 
scoffing at the notion that XENON might 
be biasing its results deliberately or other- 
wise. She says Collar doesn’t dare to bring up 
these criticisms in front of her—the two had 
a friendly exchange at a recent symposium 
at Princeton University, she says—because 
“T’d shut him up pretty quickly.” And she says 
there is a perfectly good reason she and other 
researchers have gone after DAMA’s results 
in recent years. Their claim is so strong that it 
“calls for a response,” Aprile says. 

Aprile laments the growing rivalries 
within the field and acknowledges that some 
of the friction goes beyond scientific dis- 
agreement to the clashing of egos. When she 
and Bernabei first met more than a decade 
ago, “Rita was very charming, extremely 
kind, praising me,” Aprile says. “Then, I got 
this proposal approved [to start the XENON 
experiment in Gran Sasso]. All of a sudden, 
she didn’t even care to say hi anymore.” 

Bernabei agrees that dark matter research 
is showing its dark side. “In my opinion over 
the past 10 years, some activities in the field 
[have] become more aggressive than com- 
petitive,” she said in an e-mail to Science. She 
will not comment on her rift with Aprile. All 
that matters in science, Bernabei says, is “seri- 
ous, reliable and dedicated work with good 
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detectors and methodological approach.” And 
in that regard, she says, “XENON has many 
questionable aspects both on experimental 
and interpretative parts.” 

Some researchers are more conciliatory. 
XENON ’s Lang says the data from the dif- 
ferent groups “may not be so irreconcilable” 
after all. “There’s only one truth in science,” 
he says. “The conflict we are having could be 
the result of uncertainties in the astrophysics 
or uncertainties in the detectors. Maybe our 
understanding of dark matter has to be dif- 
ferent. We could find ways to say that dark 
matter does not interact with xenon at all but 
interacts with germanium.” But Lang says he 
does not understand why the discussion has 
to be so heated. 

Collar says he is taking stabs at XENON 
not for sport but for the sake of the science. 
“T certainly like for people to do a proper 
job, including myself,’ he says. He is eager 
to resume the CoGeNT experiment after 
officials complete safety inspections of the 
mine this month. 

Collar’s criticisms of XENON—no matter 
how sharply worded—will help the field in the 
long run, says Dan Hooper, a theorist at Fermi 
National Accelerator Laboratory in Batavia, 
Illinois. “On one hand, Juan can come across 
as abrasive to some people, and I don’t know 
if this style does him many favors,” Hooper 
says. “On the other hand, I am very glad to 
have people like Juan aggressively challeng- 
ing claims being made by other scientists. 
He is an exceptional scientist, and the kind of 
scrutiny he brings to the table ultimately helps 
the scientific community to better understand 
the problems at hand.” 

—-YUDHIJIT BHATTACHARJEE 
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Editor's Note 


THE RESEARCH ARTICLE “A BACTERIUM THAT CAN GROW BY USING 
arsenic instead of phosphorus” by F. Wolfe-Simon et al. [p. 1163, 
(1)] was the subject of extensive discussion and criticism following 
its online publication. Science received a wide range of correspon- 
dence that raised specific concerns about the Research Article’s 
methods and interpretations. Eight Technical Comments that repre- 
sent the main concerns, as well as a Technical Response by Wolfe- 
Simon ef al., are published online with this issue at the addresses 
listed below (all were previously published in Science Express on 
27 May). They have been peer-reviewed and revised according to 
Science s standard procedure. 

The print version of the Wolfe-Simon e¢ al. paper reflects minor 
clarifications and copyediting of the Science Express version. We hope 
that publication of this collection will allow readers to better assess 
the Research Article’s original claims and the criticisms of them. Our 


TECHNICAL COMMENTS 


Comment on “A Bacterium That Can 
Grow by Using Arsenic Instead of 
Phosphorus” 

Istvan Csabai and E6rs Szathmary 


jwww.sciencemag.org/cgi/content/full/332/6034/1149-b 


Comment on “A Bacterium That Can 
Grow by Using Arsenic Instead of 
Phosphorus” 

Steven A. Benner 


jwww.sciencemag.org/cgi/content/full/332/6034/1149-c 


Comment on “A Bacterium That Can 
Grow by Using Arsenic Instead of 
Phosphorus” 

B. Schoepp-Cothenet, W. Nitschke, L. M. Barge, 


A. Ponce, M. J. Russell, A. |. Tsapin 
iwww.sciencemag.org/cqi/content/full/332/6034/1149-d 


Phosphorus” 


Phosphorus” 
Stefan Oehler 


Phosphorus” 
Rosemary J. Redfield 


Comment on “A Bacterium That Can 
Grow by Using Arsenic Instead of 
Phosphorus” 


David W. Borhani 
[www.sciencemag.org/cgi/content/full’332/6034/1149-e] 


Phosphorus” 
Patricia L. Foster 


POLICY FORUM 


Comment on “A Bacterium That Can 
Grow by Using Arsenic Instead of 


James B. Cotner and Edward K. Hall 
www.sciencemag.org/cgi/content/fulV332/6034/1149-f 


Comment on “A Bacterium That Can 
Grow by Using Arsenic Instead of 


www.sciencemag.org/cgi/content/fulV332/6034/1149-h 


Comment on “A Bacterium That Can 
Grow by Using Arsenic Instead of 


www.sciencemag.org/cqi/content/ful/332/6034/1149-i 


ON FORUM | PERSPECTIVES 


procedures for Technical Comments and Responses are such that the 
original authors are given the last word, and we recognize that some 
issues remain unresolved. However, the discussion published today is 
only a step in a much longer process. Wolfe-Simon ef a/. are making 
bacterial strain GFAJ-1 available for others (2) to test their hypotheses 
in the usual way that science progresses. BRUCE ALBERTS 

Editor-in-Chief 
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Response to Comments on “A 
Bacterium That Can Grow by Using 
Arsenic Instead of Phosphorus” 


Felisa Wolfe-Simon, Jodi Switzer Blum, 
Thomas R. Kulp, Gwyneth W. Gordon, Shelley 
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Zoos and Captive Breeding 


D. A. CONDE AND COLLEAGUES’ POLICY FORUM 
“An emerging role of zoos to conserve bio- 
diversity” (18 March, p. 1390) presents an 
inspiring view of zoos’ potential contribu- 
tions to conservation through captive breed- 
ing and reintroduction. However, their analy- 
sis overlooks two key issues. 

First, zoos currently devote only a small 
proportion of their capacity to conserving 
the most threatened species. Although zoos 
house ~15% of threatened tetrapods, Conde 
et al.’s histograms reveal that this includes 


SCIENCE VOL 332 3JUNE 2011 


1149 


1150 


EETTERS 


proportionally fewer species in more-threat- 
ened categories, and hardly any amphib- 
ians—the group that is most threatened and 
probably best suited to captive breeding (/). 
More important, most (185 of 344; 54%) of 
the most highly threatened tetrapod species 
in zoos are held in populations that are too 
small to be viable (2) because they comprise 
50 or fewer individuals, and those are often 
spread across separately managed subpopu- 
lations (3). These small population sizes have 
not improved in the past two decades, at least 
for mammals (4). Furthermore, many species 
perform more poorly in captivity than when 
protected in the wild, with lower reproduc- 
tive rates and higher offspring losses (5); this 
exacerbates the problem of small populations 
in zoos by reducing these species’ effective 
population sizes even further. 

Second, Conde et al.’s analysis pays lit- 
tle attention to other effects of captivity, 
such as abnormal behavior, insufficient fear 
of humans, and exposure to novel diseases, 
which often limit the success of subsequent 
reintroduction attempts (6). This may be why 
releasing zoo-bred animals has had only lim- 
ited impact on the status of wild populations. 
Conde et al. state that captive-breeding has 
played a major role in reducing the threat level 
of 17 tetrapod species [26% of the 64 whose 
status has been improved by conservation 
action (7)], but this total involves a miscount 
and erroneously includes the Seychelles mag- 
pie-robin (Copsychus sechellarum), the Mar- 
quesan Imperial-pigeon (Ducula galeata), 
and the Polynesian megapode (Megapodius 
pritchardii), which were never held in captive 
breeding programs (8). In reality, zoos have 
directly provided most of the stock for rein- 
troduction in a much smaller number of cases. 

Given the scale of the biodiversity crisis, 
we therefore recommend that zoos increase 
the contribution that their captive breeding 
efforts make to conservation in the wild by 
focusing efforts more closely on those spe- 
cies with good captive health, welfare, and 
population viability (5, 9, /0). 

ANDREW BALMFORD,? JEANETTE KROSHKO,? 
NIGEL LEADER-WILLIAMS,? GEORGIA MASON?* 


‘Department of Zoology, University of Cambridge, Cam- 
bridge, CB2 3E], UK. *Department of Animal and Poultry 
Sciences, University of Guelph, Guelph, Ontario, N1G 2W1, 
Canada. *Department of Geography, University of Cam- 
bridge, Cambridge, CB2 3EN, UK. 
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Response 

BALMFORD ETAL. SUGGEST THAT OUR ANALYSIS 
has embellished the potential of zoos to con- 
serve endangered species, and they state that 
zoos devote only a small proportion of their 
capacity to threatened species. Although zoos 
devote only 8% of their capacity to threat- 
ened bird species, 23% of amphibians, 27% 
of mammals, and 40% of reptiles within zoo 
collections are threatened (see table | in the 
Policy Forum supporting online material). A 
comparison of our data and the data by Magin 
et al. that Balmford et al. cite (1) shows that 
the number of threatened species in ISIS zoos 
has markedly increased over the past 20 years. 
The most substantial increase has been for 
threatened amphibians, from just 5 species 
in 1990 to 56 species in 2009 (an increase of 
020%), followed by birds (509% increase) 
and reptiles (424% increase). These abso- 
lute gains are obscured because, although 
the number of threatened species in zoos has 
increased substantially, the number of species 
classified as threatened has increased rela- 
tively more. For example, in 1990 the IUCN 
isted just 57 threatened amphibians (/), 
but by 2009 this figure had jumped to 1895 
(2). Thus, the number of species of threat- 
ened amphibians held in zoos increased by 
020%, while the number listed as threatened 
increased by 3300%, outpacing the zoos’ 
response to the amphibian crisis. The percent- 
age of all then-threatened species kept in cap- 
tivity, comparing the 1990 and 2009 figures, 
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declined for amphibians and mammals, and 
increased for birds and reptiles. 
Balmford et al. mention that the number 


of individuals of highly threatened species in 
zoos is low and has not increased in the past 
two decades. Magin ef al. only provide this 
information for mammals, but they show that, 
although many zoo populations do remain 
small, there is an encouraging trend: From 
1990 to 2009, there has been a 21.2% increase 
in the number of threatened mammal spe- 
cies with a zoo metapopulation size exceed- 
ing 50 individuals, and a 48.6% increase in 
the number of species with a metapopulation 
size exceeding 250 individuals. We argue that, 
although the zoo community is not keeping up 
with the rapidly accelerating scale of the spe- 
cies conservation challenge, it is doing much 
better than Balmford et al. suggest. Moreover, 
despite small population sizes, zoos’ interven- 
tion has prevented the extinction of a num- 
ber of species, such as the California condor 
(Gymnogyps californianus) (3), the European 
bison (Bison bonasus) (4), and the Przewal- 
ski’s horse (Equus ferus przewalskii) (5). It is 
true that 53% of zoos’ highly threatened spe- 
cies are represented by fewer than 50 individ- 
uals and that many are managed across sepa- 
rate subpopulations, but some zoos are aware 
of this problem and are linking several species 
in cooperative breeding programs (6). 
Balmford ef al. also reiterated that the 
effects of captivity can affect further reintro- 
ductions. Although we agree that this could be 
a serious issue, given the biodiversity crisis it 
is important to recognize that these effects can 
often be overcome, as exemplified by rein- 
troduction programs for species such as the 
whooping crane (7). Balmford et al. rightly 
point out errors in Hoffmann et al.’s (8) cal- 
culation for the number of species for which 
captive breeding played an important con- 
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servation role. The correct figure is 13 spe- 
cies [Hoffman ef al. omitted the Californian 
condor, in addition to the erroneous inclusion 
of the three species Balmford ef a/. mention 
together with Dendrobates azureus (2)]. 

Balmford et al. further claim that zoos 
have only contributed stock from captive 
breeding in a small number of these reintro- 
ductions. However, it is important to stress 
that zoos provided substantial logistical, tech- 
nical, and/or financial support for at least 9 of 
these 13 species (9). 

These points notwithstanding, we agree 
with Balmford et al.’s closing argument that 
zoos should continue to increase their cap- 
tive conservation efforts in a scientifically 
informed manner. D. A. CONDE,?* N. FLESNESS,? 

F. COLCHERO,’ O. R. JONES,* A. SCHEUERLEIN* 


1Max Planck Institute for Demographic Research, 18057 
Rostock, Germany. 7International Species Information 
System, Eagan, MN 55121, USA. 
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CORRECTIONS AND CLARIFICATIONS 


News & Analysis: “Spate of suicides roils university, jeopar- 
dizing academic reforms” by D. Normile (22 April, p. 410). 
The article stated that “local media reported that the educa- 
tion ministry found evidence of administrative and financial 
irregularities, including improperly vetted bonus payments 
to [KAIST President Suh Nam Pyo].” KAIST contests the minis- 
try’s finding; it says that the total amount of the yearly com- 
pensation for the president is specified in the employment 
contract with KAIST and that Suh did not receive any addi- 
tional compensation other than the specified amount. 
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The Worst Science in the World 


Vassiliki Betty Smocovitis 


here’s a very dark humor that perme- 
Te the culture of field science. Tales 

of hardship, suffering, and endur- 
ance are often told with a peculiar form of 
irony, filled with braggadocio, and sprinkled 
with in-house jokes. Nowhere is this strange 
mixture of hardship, suffering, and dark 
humor more evident than in Apsley Cherry- 
Garrard’s celebrated memoir of Antarctic 
exploration dramatically titled The Worst 
Journey in the World (1). Its memorable open- 
ing line sets its tone: “Polar exploration is at 
once the cleanest and most isolated way of 
having a bad time which has been devised.” 
Billed as the War and Peace of travel writing, 
the nearly 600-page epic recounts a disas- 
trous 1911 journey to locate and collect the 
eggs of the emperor penguin from the rook- 
ery on Cape Crozier in the Antarctic. Then 
thought to be primitive because they were 
flightless, penguins had drawn the attention 


Heading off for some eggs. Birdie Bowers, Edward 
Wilson, and Apsley Cherry-Garrard (left to right) before 


departing on their winter journey. 


of the many post-Darwinian evolutionists 
at the turn of the 20th century who believed 
that anatomical study of their embryos might 
shed light on the evolutionary relationship 
of birds and reptiles. Unfortunately for the 
evolutionists, the birds nest in the Antarctic 
winter, when travel is most difficult. And so, 
despite the fact that it was the worst time of 
year to undertake the 110-km journey from 
Robert Scott’s base camp to the rookery, 100 
years ago this month Cherry-Garrard found 
himself on what became immortalized in the 
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Scott, Shackleton, and 
the Heroic Age of 
Antarctic Science 


wording of his book’s title. Sub- 
jected to total darkness, freezing 
cold (the temperatures Cherry- 
Garrard, Edward Wilson, and 
Birdie Bowers experienced on 
their five-week winter journey 
averaged —40°C or below), and 
some of the worst blizzard con- 
ditions recorded in the history of 
polar exploration, Cherry-Garrard began to 
question the wisdom of it all. His doubts later 
grew when the results of the study of the three 
intact eggs, the entire scientific booty his party 
managed to bring back, proved inconclusive. 
(The “scientific report” he offers is actually 
the most humorous part of his account.) Rue- 
fully, he asked whether the pursuit of scien- 
tific knowledge was really worthwhile if it 
involved such “super-human endurance” or if 
one took such “appalling risks.” 

The question remained famously unan- 
swered by Cherry-Garrard. That is 
perhaps why the irony and the dark 
humor seem so stark, set against the 
horrific experience he took such pains 
to describe. The question recurs—at 
least implicitly in my mind—on read- 
ing Edward Larson’s An Empire of Ice: 
Scott, Shackleton, and the Heroic Age 
of Antarctic Science. Larson (a histo- 
rian at Pepperdine University) offers 
yet another compelling account of 
suffering, heroism, and even martyr- 
dom in retelling the story of Antarctic 
exploration during the early years of 
the 20th century (of which, it should 
be said, the journey to find the penguin 
rookery is but part). His book appears 
in time for the 100th anniversary of the 
celebrated race to the South Pole between 
the successful Norwegian Roald Amundsen 
(who triumphantly got there first and came 
back) and the ill-fated Englishman Robert 
Falcon Scott (who arrived a month later and 
with his companions tragically froze to death 
en route back to the Ross Sea). It also coin- 
cides with the 150th anniversary of the birth 
of the famed Norwegian explorer Fridtjof 
Nansen, often praised by aficionados as the 
greatest of all polar explorer-travelers. 

On the surface, Larson’s book offers a 
well-written, broad sweep of a mostly familiar 
story appropriate to the commemorative tone 
of the centenary. From previous histories of 
polar exploration, we all know, for example, 


by Edward J. Larson 
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who lives, who dies, and who suffers the most. 
What takes the book beyond the standard nar- 
rative is Larson’s presentation of the British 
expeditions against the backdrop of the impe- 
rial geopolitics of the age, 
which made science an inte- 
gral part of Antarctic explo- 
ration. Drawing on new 
sources, and at other times 
simply rereading famil- 
iar ones more closely, he 
retells the story of Antarctic 
exploration from the van- 
tage point of science. Lar- 
son pays careful attention to 
scientific research that has often been down- 
played and at times been completely left out 
of historical understanding. What emerges is 
a far more interesting and richer account than 
we have had thus far. Through his consider- 
ations of work on magnetism, geology, paleo- 
botany, paleontology, zoology (of course), and 
even ice itself, Larson argues that Antarctic 
exploration was not just filled with but in fact 
driven by science. This was especially true in 
the case of Scott and his Terra Nova expedi- 
tion, whose primary motives Larson claims 
were not to get to the South Pole first but to 
instead garner scientific knowledge. 

In what emerges as Larson’s recharacter- 
ization, Scott’s “adversary” Amundsen was 
hardly a worthy rival because the Norwe- 
gian’s motives did not include science—he 
only wanted to be the first to reach the South 
Pole. Polar biographers and writers such as 
the influential Roland Huntford—whose Last 
Place on Earth (2) was the basis for a popular 
television series—have portrayed Amundsen 
asa brilliant strategist and planner. In Larson’s 
telling, he comes off as an arriviste, someone 
more keen on status and prominence than on 
making a lasting contribution to the world of 
science. And Scott, who has frequently been 
portrayed (again especially in Huntford’s 
work) as a complacent if not sluggish bun- 
gler, comes across as the more authentic and 
honorable figure, someone more concerned 
with gathering knowledge than gaining 
fame. Larson’s new interpretation, therefore, 
leads to a very different and more nuanced 
understanding of the story’s protagonists, if 
not a radical reinterpretation of the Scott- 
Amundsen race. In redrawing the issues, rein- 
terpreting motives, and recharacterizing the 
protagonists in such a well-known story, the 
book is not unlike Larson’s earlier Summer 


for the Gods (3). That Pulitzer Prize-winning 


history gave us a newly complex portrait of 
the protagonists, their motives, and the socio- 
political backdrop to what became known as 
the Scopes “Monkey Trial.” 
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In short, Larson has written a fascinating 
book, one sure to force a rethinking of the 
Scott-Amundsen race as well as reconsider- 
ations that will include science as a driving 
force in Antarctic and indeed polar explora- 
tion. An Empire of Ice nonetheless still leaves 
open in my mind Cherry-Garrard’s unan- 
swerable question while drawing attention 
to the misery, suffering, and even death that 
have accompanied polar science. I’m not sure 
that there is much that is funny in that. 
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THEATER: SPACE EXPLORATION 


The Soviet's Chief 
Designer 


n 12 April 1961, cosmonaut Yuri 
Gagarin became the first human to 
orbit our planet. His eyes were the 
first to look down at Earth from the darkness 
of space; his body the first 
to break free of our plan- 
et’s gravitational field. 
This Soviet achievement 


Little Eagles 
by Rona Munro; 


directed by Roxana Silbert 


artificial satellite, and many 
other pioneering successes of the 
Soviet space program, including 
orbiting the first animal (the dog 
Laika) and the first spacewalk 
(Alexei Leonov’s 20-minute 
excursion from Voskhod 2). Set 
against the backdrop of the space 
race and recent political and mil- 
itary history, Korolyov’s story is 
as fascinating as it is complex. 
Munro chose to depict it through 
a sequence of scenes that provide 
only glimpses of his life. 

The playwright sets the open- 
ing scene in 1938, in the Kolyma 
Gulag in Siberia. The conditions are bleak. 
Stalin speaks to the prisoners: “Comrades. 
Our country is attacked from within. Only the 
most naive among you can doubt that our ene- 
mies are right in the heart of our great nation, 
like rats in a barrel of wheat.” Korolyov is one 
of those “enemies,” robbed of his health but 
not of his will to live or of his dreams of rock- 
ets and space. As a young rocket engineer, he 
fell victim to one of Stalin’s purges and was 
sentenced to ten years of hard labor. Luck- 
ily, his skills were recognized as being too 
precious to be wasted. Amid the war effort, 
he was soon reassigned to a rocket-building 
team in Moscow. 

The trip out of the Kolyma Gulag was far 
from easy. Korolyov, who was still a prisoner, 
had to get to Moscow on his own. At the end 
of the play, we learn that he had 
hitched a ride to the nearest port, 
only to see that the last boat had 
already sailed, leaving him to 


Designer and his craft. Korolyov (Darrell D’Silva), holding 
model satellite, and Ivanovsky (James Howard). 


was as much a product of 
the Cold War as of'a dream 
to explore outer space, and 
it filled people with both 
wonder and fear. 
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Hampstead Theatre, London. 
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face the Siberian winter, with- 
out food or a place to sleep. The 
secret to surviving, we hear, was 
to keep walking, to never stop. 
That is also true of the play: it 


As a child, playwright 
Rona Munro shared the 
world’s excitement and 
romance with space 
exploration (/). In Little 
Eagles, performed by the 
Royal Shakespeare Com- 
pany at London’s Hamp- 
stead Theatre from mid- 
April into early May, she 
tells the relatively unknown story of one man. 
behind the dream of space flight, Sergei Pav- 
lovich Korolyov (2). Right up until his death 
in 1966, Korolyov was known only as the 
“Chief Designer’—his name and role with- 
held by the Soviet Union as a secret of state. 
He had been responsible not only for Gaga- 
rin’s flight but also for Sputnik, Earth’s first 


Little Eagles 
by Rona Munro 
Nick Hern, London, 2011 
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keeps moving, tirelessly and 
relentlessly, as if inspired by 
Korolyov’s own drive. 

In the space of about three 
hours, the cast takes the audi- 
ence from the Kolyma Gulag 
to Sputnik’s design room, from 
the launch pad at Baikonur to 
the Red Square, and from the 
Cuban missile crisis to Koroly- 
ov’s untimely death. Along the way, we meet 
an array of historical characters (including 
Gagarin and Soviet leaders Nikita Khrush- 
chev and Leonid Brezhnev) as well as Koroly- 
ov’s wife, daughter, and fictional doctor. 

Inevitably, a lot of detail has been left 
out, and at times I was left wondering about 
the broader context of some of the scenes 
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and what happened in between them. But 
the play does succeed in portraying Koroly- 
ov’s conflicts among his own needs (family- 
and healthwise), the military and political 
demands of his country, and his desire to ful- 
fill his dream to pave a road to the cosmos. If, 
like me, you didn’t live through this period of 
history, you will want to find out more after 
the show. Fortunately, though, there is no 
shortage of good references [e.g. (3, 4)] avail- 
able to fill in the details. 

The production, directed by Roxana Sil- 
bert, was not particularly daring, but it was 
engaging and full of emotion. There were 
some particularly beautiful moments, such as 
the launch of Vostok 1: the bright orange light 
of lift-off followed by Gagarin aerially sus- 
pended, floating in the air, and telling us “how 
beautiful the world is.” 

Alas, that was Gagarin’s only trip above 
Earth’s atmosphere, and Korolyov’s death 
in 1966 meant that he did not live to see 
American astronauts set foot on the Moon. 
But the dreams of both do live on. Nowa- 
days the road to the cosmos is mostly trav- 
eled by robotic explorers and unmanned sat- 
ellites. However, the images that those bring 
us, both of Earth and other worlds, are still a 
source of inspiration. —Maria Cruz 
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ood value chains (FVCs) comprise all 
Fess required to bring farm prod- 

ucts to consumers, including agricul- 
tural production, processing, storage, mar- 
keting, distribution, and consumption. FVCs 
are changing rapidly in developing countries 
(DCs), because of population and income 
growth; urbanization; and the expansion, 
globally and domestically, of modern food 
retailing, distribution, and wholesaling firms 
(1, 2). One such change is that consum- 
ers and regulators increasingly demand 
product-specific characteristics beyond 
price—including nutrient content; food 
safety certification; and indicators of impacts 
on natural resources, greenhouse gas emis- 
sions, and farmworkers. To accommodate 
these multidimensional demands, regulators 
and firms are developing new multiattribute 
product labeling and production standards. 
We outline below ways in which scientists 
must integrate existing disciplinary evidence 
into rigorous models and must develop mea- 
sures and methods to evaluate the multidi- 
mensional performance of FVCs. 


Principles for Advancing FVC Research 

These labeling and production initiatives 
affect those who participate in DC FVCs 
as growers, workers, or consumers. Under 
which conditions do poor people benefit 
from these trends? Which consumer behav- 
iors, public policies, and decisions by private- 
firm and civil society organizations are likely 
to promote the emergence of poverty-reduc- 
ing, environmentally sustainable FVCs? By 
addressing these challenges, scientists can 
help identify good FVC practices that can 
help poor people and protect the environ- 
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ment. Toward that end, we offer six principles 
to guide scholars in advancing that research 
agenda in this rapidly changing landscape. 

1. Focus on opportunities available in 
domestic markets. FVCs in DCs are primar- 
ily oriented toward domestic markets. DC 
food exports account for only 1.9% and 8.4% 
of domestic production in raw tonnage and 
value, respectively (3). Global supermarket 
chains are expanding into DCs where in- 
country retail sales of domestically produced 
food are three to four times the sales of their 
food exports (4). Global retailers are setting 
food quality and safety standards for domes- 
tic products in DCs that are similar to stan- 
dards in developed countries (5). This trend 


From farm to table, multidisciplinary research 
is needed to improve the economic benefit of 
food production in the developing world. 


linking them to domestic markets may gen- 
erate greater economic gains through follow- 
on multiplier effects that help reduce poverty 
(e.g., employment created by local spending 
by supermarket employees). Research should 
focus more on identifying what public poli- 
cies, private-firm decisions, and FVC innova- 
tions can improve the functioning of domes- 
tic FVCs, not just on export channels. 

2. Pay attention to indirect effects, not 
only to increased sales from smallholders. 
Although opportunities exist in domestic 
markets, it is often difficult to influence pro- 
duction decisions and to induce increased 
FVC participation among poor farmers (as 
sellers) and traders (as intermediaries). These 
individuals are often harder to reach and lack 
the assets and skills of their better-off coun- 
terparts (9). But because smallholder farm 
households derive a large share of income 


Bulls for sale at the zebu market, Antemoro, Madagascar. 


toward increasing supermarket sales is pri- 
marily driven by higher incomes and chang- 
ing diets among urbanizing populations (e.g., 
increased consumption of meats and pro- 
cessed foods). International markets exhibit 
higher producer price risk because of fluctu- 
ating exchange rates, trade barriers, and more 
stringent food safety standards. For exam- 
ple, stricter standards for aflatoxin (a liver 
toxin produced by the fungus Aspergillus) 
in Europe further restrict food imports from 
Africa (6). Moreover, developed countries’ 
higher import tariffs for processed foods 
than for raw commodities (7) impede value- 
addition in export FVCs. Although export- 
oriented FVCs also offer opportunities for 
smallholder farmers (8) and farmworkers, 


from off-farm employment and are com- 
monly net food buyers, the greatest poverty 
implications of FVCs likely do not arise 
directly through purchases from poor farm- 
ers. Instead, these effects often occur indi- 
rectly through lower cost, more nutritious 
and safer foods for poor consumers, and 
increased employment of and safer working 
conditions for unskilled workers in commer- 
cial agriculture and post-harvest processing 
(0). Researchers too often focus just on the 
profitability of direct FVC participation. We 
must not overlook the crucial indirect effects 
FVCs have on rural and urban poverty. 

3. Enhance marketing channel efficiency. 
Poor people in rural and urban areas partic- 
ipate in FVCs not only as farmers but also 
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as consumers (9). Only by reducing the dif- 
ference between retail price and price when 
sold by the farm can FVCs simultaneously 
decrease food costs for poor consumers and 
increase earnings for poor farmers and farm- 
workers via increased demand and employ- 
ment. This requires cost-efficient market 
intermediation, including product aggrega- 
tion, storage, processing, and distribution. 
It is otherwise difficult to avoid the “food 
price dilemma” that higher prices help and 
incentivize net-seller farmers but also hurt 
consumers, especially poor people (//). 
For example, investments in infrastructure 
that reduce the significant marketing costs 
Kenyan smallholder farmers incur delivering 
crop to buyers—estimated at equivalent to a 
15% sales tax—can increase earnings with- 
out driving up food prices (/2). Research is 
needed on how to reduce market intermedia- 
tion costs in an equitable and environmentally 
sustainable manner. 

4. Pay attention to post-harvest losses, 
both in volume and quality. Post-harvest 
losses, estimated at 15 to 50% in DCs (/3), 
disproportionately burden poor people who 
often lack capacity for food preservation and 
safe storage. Such losses cause market inef- 
ficiencies and have negative environmental 
effects because of inefficient land and water 
use. Associated food quality problems, in 
turn, impede poor growers’ participation in 
FVCs and pose food safety risks for consum- 
ers. For example, mycotoxins and microbial 
hazards contaminate significant proportions 
of food supplies in tropical, low-income com- 
munities (14). Successful remedies include 
improved preharvest management and small- 
scale post-harvest storage and energy-sav- 
ing technologies, as well as increased food- 
processing opportunities to prevent spoilage 
(15). Micronutrient fortification of staple 
foods and preservation of fruits and vege- 
tables can improve the quality of diets (/6). 
Increased research on post-harvest technolo- 
gies can help reduce unnecessary losses and 
thereby reduce pressure on land and water and 
improve food safety and dietary quality. 

5. On-farm natural resources conserva- 
tion can enable, and benefit from, smallholder 
FVC participation. The increased output 
required to meet growing food demand can be 
sustained only with increased labor, energy, 
land, and water productivity. Historically, 
agricultural productivity growth reduces pov- 
erty through higher profits for net producers, 
increased employment and/or real wages for 
workers, and lower prices for consumers (/7). 
Productivity growth has also slowed conver- 
sion into cropland or pasture of more environ- 
mentally sensitive lands on the agricultural 


frontier (18). FVCs can induce participating 
farmers to invest in water, soil, and energy 
conservation measures, and such investments 
enable new farmers to participate in FVCs. 
For example, solar-powered drip irrigation 
systems in the West African Sahel improved 
productivity, increased smallholder farmer 
income and nutrient intake, and cost less than 
traditional production systems (/9). Farm 
practices that enable soil carbon sequestration 
can improve soil quality, eco-efficiency, and 
profitability (20). Too little is known about 
how to scale resource-conserving, produc- 
tivity-boosting innovations and about how to 
capture consumer valuation of “green” farm- 
ing innovations. 

6. Certification appears necessary, but 
not sufficient. Certification (i.e., attestation of 
compliance with product standards) assures 
consumers about key product qualities, often 
eliciting a price premium for desired attri- 
butes such as fair trade, organic, or sustain- 
able practices. In other cases, certification 
is necessary to show FVC compliance with 
standards set by regulators. But certification 
is costly because of the infrastructure required 
to sustain the scheme and may inadvertently 
exclude smallholder farmers from high- 
value markets (2/). For example, the costs 
of Fair Trade certification—a system that 
identifies products with specific labor, envi- 
ronmental, and developmental standards— 
may prevent participation of small groups of 
farmers. In coffee, the certification cost for 
~10,000 farmers is 2.4% of retail price; for 
~1000 farmers it is 6.2% of retail price; and 
it is higher for smaller groups (table S1). It 
is clear that certification and credible prod- 
uct labeling can tap consumer demand for 
desirable attributes and is thus necessary to 
elicit the premium prices needed to pay for 
those attributes. However, it remains unclear 
whether certification facilitates smallholder 
entry into higher-return markets, promotes 
adoption of sustainable farming practices, or 
fosters farm-level innovation. 


Agenda for the Future 
The preceding six principles carry two 
important implications for scientists, donors, 
policy-makers, and private decision-makers. 
First, we need to be humble about how lit- 
tle we know about complex FVCs and their 
effects on poverty and the environment and 
cautious in our policy prescriptions on FVCs. 
Second, scientists must begin developing 
a transdisciplinary, multidimensional concep- 
tual framework to study DC FVCs in order 
to establish good FVC practices to benefit 
the poor, protect the environment, and help 
smallholder farmers meet growing consumer 
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demand for sustainability attributes. This 
conceptual framework should include indi- 
cators to explicitly identify links among the 
multiple dimensions of FVC performance— 
such as economic costs, distributional equity, 
environmental impacts, energy use, and con- 
sumer and farmworker health and safety. 
Within such a conceptual framework, scien- 
tists can then construct rigorous models and 
conduct empirical research to test their valid- 
ity. Appropriate foci include measurement of 
the tradeoffs and complementarities between 
specific FVC attributes (e.g., under what con- 
ditions are economic efficiency and environ- 
mental conservation practices complemen- 
tary?) and comparative studies of FVC per- 
formance to establish what attributes are most 
strongly associated with desirable outcomes 
in multiple dimensions (e.g., under what con- 
ditions and in what dimensions do local FVCs 
outperform transnational ones?). Finally, we 
must use existing methods (e.g., models of 
consumer behavior and political decision- 
making) to communicate multidimensional 
food attributes to consumers and policy-mak- 
ers so as to promote informed decisions by all 
parties. This can increase the demand for and 
supply of foods with economically, socially, 
and environmentally desirable attributes. 
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Scaling Up DNA Computation 


John H. Reif 


omputation is increas- 
ingly pervasive. Silicon- 
based computing devices 


are embedded in a wide variety of 
manufactured goods and appli- 
ances, increasing functionality, 
communication, and control. An 
analogous development of molec- 
ular-scale computing devices could 
allow similar advantages at vastly 
smaller scale. For example, embed- 
ding molecular-scale computing 
devices in biological materials such 
as serum, cells, or tissues could be 
used to detect, and possibly treat, 
disease. Onfpase T196)of this issue, 
Qian and Winfree (/) show how 
such molecular-scale computing 
devices might be engineered. 

One increasingly promising 
approach, known as DNA-based 
computation, makes use of DNA 
in conjunction with biochemical 
reactions to do molecular com- 
putation. The advantage of this 
approach is that DNA is very sta- 
ble, and biochemical reactions involving 
DNA have been very well developed for over 
a decade. The DNA hybridization reaction 
occurs when single strands of complemen- 
tary DNA form double-stranded DNA in a 
double-helix conformation. DNA can self- 
assemble via hybridizations into secondary 
structures known as DNA nanostructures 
(2). DNA computations can be performed 
by self-assembly of DNA strands (3) and 
self-assembly of static DNA nanostructures 
(tiles) (4). Thus, DNA is used as an engi- 
neering material; the interactions that hold a 
DNA structure together are encoded in the 
base sequences of the strands. Computation 
can be incorporated into the assembly of the 
strands into DNA arrays and nanostructures. 
Alternatively, DNA-based computations 
often use dynamic DNA nanostructures to 
encode computational state, and computa- 
tional steps are executed using biochemical 
reactions that manipulate these DNA nano- 
structures, changing the encoded state. 

The approach adopted by Qian and Win- 
free marks an important advance in DNA- 
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based computations. The authors make use of 
dynamic DNA nanostructures called seesaw 
gates (5) and thresholding gates, within which 
DNA strands can hybridize in certain posi- 
tions to encode Boolean values (“True” and 
“False”). There are multiple advantages to this 
approach. One is its simplicity. Their method 
uses only DNA hybridization reactions. Log- 
ical operations (AND and OR) are executed 
by seesaw gates, and restoration to the digital 
values is through thresholding gates followed 
by catalytic amplification of any leftover sig- 
nal. Another advantage of the approach used 
by Qian and Winfree is that logical operations 
are executed autonomously—that is, with- 
out external control. The DNA hybridiza- 
tion reactions form chain reactions, whereby 
DNA hybridizations executed by seesaw 
gates cause further DNA hybridizations in 
other seesaw gates. The authors use toehold- 
mediated strand displacement (6) to initi- 
ate DNA hybridizations that displace previ- 
ously hybridized DNA strands, and they drive 
the operations through transitions of “fuel” 
strands (7, 8) to lower energy states. 

A further advantage of the method is its 
universality. The ability to evaluate a Bool- 
ean circuit with multiple Boolean gates pro- 


A technique uses DNA strands to perform 
calculations that can be scaled up 
in complexity. 


vides universal computation power, 
because any digital computation can 
be executed by Boolean circuit eval- 
uation. Moderate scalability pro- 
vides yet another advantage of this 
approach. The modularity of seesaw 
gates allows composition of multi- 
ple gates independently to a much 
larger scale than permitted by most 
previous DNA-based computations. 
The scalability is indicated by the 
authors’ demonstration of error-free 
computation of square roots of four- 
bit numbers. 

A multidisciplinary approach 
including computer science and 
biochemistry was key to the proj- 
ect’s success. In addition to bio- 
chemistry laboratory techniques, 
computer science techniques were 
essential. Dual rail logic converted 
arbitrary Boolean logic (NOT, 
AND, and OR) into seesaw gates 
executing only AND and OR oper- 
ations. Computer simulations of 
seesaw gate circuitry optimized 
the design and correlated experimental data. 
Design compilers for DNA sequences of see- 
saw gates were developed. 

Two limitations of the work by Qian and 
Winfree present further challenges. The speed 
of execution of seesaw gates is a major obsta- 
cle to scalability and usability of seesaw cir- 
cuits for biological applications. Each seesaw 
gate takes 30 to 60 min. Their computation of 
four-bit square roots has a circuit depth (the 
maximum number of Boolean operations that 
need to be sequentially executed) of 7 and 
takes 6 to 10 hours. By contrast, biological 
regulatory circuits can respond much faster, 
often in less than a second. Another limitation 
is the number of molecules used in compu- 
tations. Qian and Winfree executed a seesaw 
circuit computation simultaneously on a vast 
number (trillions) of DNA molecules within 
a test tube, whereas biological regulatory cir- 
cuits make use of relatively small numbers of 
molecules for a given task. 

Why these limitations? A molecular com- 
putation is defined as global if its state is spa- 
tially distributed (i.e., determined by aver- 
aging concentration and configuration of 
spatially distributed molecules defining the 
state), and transitions of state are executed 
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through multiple distributed interactions. 
Seesaw circuits are global, and their logi- 
cal operations require long durations for dif- 
fusion of DNA signals between gates. One 
approach to solving such challenges is to 
exploit locality, a technique extensively used 
in modern conventional computing devices. 
A molecular computation is considered to be 
local if its state is encoded by a spatially con- 
tiguous set of molecules (i.e., the state of each 
computing element is explicitly determined 
by the configuration of these molecules), and 
transitions of state are executed through inter- 
actions between local computing elements. 
By avoiding delays due to diffusion, local 
molecular computations may execute more 
rapidly. Also, due to locality, the number of 
molecules involved in a single computation is 


vastly reduced. Biological regulatory circuits 
are usually local, operating within a confined 
region such asa cell wall or cell organelle, and 
this may contribute to their generally more 
rapid rates. Whiplash polymerase chain reac- 
tion (9) is a local DNA computation in which 
polymerization reactions execute state transi- 
tions on a single DNA molecule. It remains 
a challenge to develop DNA-based computa- 
tional methods that are local and only make 
use of DNA hybridization operations (and do 
not require enzymes). A promising approach 
is to tether together strands and gates used ina 
hybridization reaction to ensure locality. 

A further challenge is to execute molecu- 
lar computations within biological materials 
(e.g, serum, cells, or tissues) where the use 
of DNA-based computational methods is 
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limited by the presence of DNA-binding and 
DNA-cutting proteins. Possible approaches 
include using DNA with nonstandard bases 
or short RNA, both of which may be less sus- 
ceptible to these proteins. 
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lo's Tortured Interior 


Andrew J. Coates!” 


upiter’s moon Io is the most volca- 
nic object in the solar system, injecting 
about a metric ton per second of sulfu- 
rous material into Jupiter’s magnetic environ- 
ment. Images and movies from spacecraft 
have caught Io’s volcanoes in the act of erupt- 
ing since their discovery by Voyager in 1979. 
This prolific activity hints at a tortured inner 
structure. Onpage 118d this issue, Khurana 
et al. (1) report magnetometer data obtained 
by the Galileo spacecraft and use it to infer 
the presence ofa global magma ocean at least 
50 km thick under Io’s icy, pock-marked, and 
colorful surface. This result makes Io stand 
out as unique among its icy satellite sib- 
lings at Jupiter, Saturn, and beyond, where 
the other subsurface oceans are water-rich. 
It also confirms the importance of magnetic 
field and plasma instruments in probing the 
internal structure of solar system bodies. 
Techniques such as gravity measure- 
ments, ground-penetrating radar, radar to 
provide body shape, and seismometers on 
the surface can probe the internal structure 
of icy satellites from relatively brief space- 
craft flybys and detect oceans of magma or 
of water. However, these capabilities were 
either unavailable or not precise enough to be 
definitive on Galileo. The Galileo team used 
magnetic field measurements from close fly- 
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bys of Europa and other moons, combined 
with modeling of the interior conductivity (2, 
3). The idea is to use Jupiter’s rapidly rotat- 
ing (9-hour 55-min period) magnetic field as 
it overtakes the slower-orbiting moon. If the 
moon in question is conducting, a magnetic 
field is induced, the effects of which can be 
measured by the onboard magnetometer as 
the spacecraft flies past. Detailed modeling 
of subsurface conducting regions and the 
plasma environment, using concepts from 


Crust 
30 to.50 km thick 


Global magma layer (asthenosphere) 
>50 km thick 


, Mantle 


Core (Fe—FeS) 
600 to 900 km_in radius = 


Magnetic measurements made by the Galileo 
spacecraft reveal an ocean of magma under 
lo's frozen surface. 


geology and external plasma interactions, is 
then used to understand the measured mag- 
netic field and its time variation (2, 3). The 
technique emphasizes the coupled nature of 
icy satellite interactions, from the interior 
structure through the surface and exosphere 
to the surrounding plasma environment, and 
requires exchanges of material and momen- 
tum at all the interfaces. 

A technique similar to that used at Europa 
(2, 3) was used to discover subsurface water 


Probing inside. Khurana et al. modeled magnetometer data to unveil the inner structure of lo with a thick 


magma ocean beneath the frozen surface. 
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oceans under the icy crusts of Ganymede (4) 
and Callisto (3), although in the case of Gany- 
mede the intrinsic magnetic field complicates 
matters (4). These salty oceans are likely in 
contact with silicate (at Europa) or ice (at 
Ganymede and Europa) (5), but their depth 
and detailed properties remain unknown. 
Because of their variety, the Galilean satel- 
lites are a fascinating target for future explo- 
ration: Europa has the ingredients for life, 
and Ganymede has its own magnetic field; 
Io’s high activity and Callisto’s ancient sur- 
face complete the picture. 

In Saturn’s system, an ocean including 

ammonia as an antifreeze was expected at 
Titan [e.g., (6)]. Observations of the rotation 
rate are consistent with this (7). At Enceladus, 
the evidence for a subsurface ocean found 
by the Cassini spacecraft includes the huge 
plumes of water and ice emanating from the 
southern polar region there (8), hinting at a 
large energy source and the reservoir below 
(9). Measurements of sodium in dust grains 
(10) are additional evidence for a subsurface 
ocean. In the case of Enceladus, the magnetic 
ield signature, showing the field draping 
around the southern polar region, was the first 
evidence (//) for mass loading of the plasma 
nearby and led to changes in the mission pro- 
file for a closer look. Plasma (/2) and imag- 
ing instruments (8, 9) confirmed the find- 
ing, and estimates of the mass loading show 
that Enceladus can produce up to a third of 
the activity of Io. It has been found that, like 
Io, Europa, and Ganymede at Jupiter, Encel- 
adus has a related auroral spot at the magnetic 
‘ootprint of this active moon in Saturn’s iono- 
sphere that can be used to detect fluctuations 
in the activity (/3). 
Saturn’s second-largest satellite, Rhea, 
has a simpler structure; it may have a rocky 
core and certainly has an icy mantle (/4). 
Dione and Tethys may also have deep oceans 
under icy crusts, but this remains uncertain, 
based on data from Cassini. It has also been 
suggested that subsurface water-rich oceans 
are possible for Rhea, Titania, Oberon, Tri- 
ton, and Pluto, and on the largest transneptu- 
nian objects (2003 UB313, Sedna, and 2004 
DW), if even small amounts of ammonia are 
present (/5). 

In the case of Io, however, the results 
reported by Khurana ef al. give a well-con- 
strained picture of the interior. The ocean is 
not water; rather, there is a global magma 
ocean (“asthenosphere”’) at least 50 km deep, 
under a low-density outer crust (30 to 50 
km) and surrounding a 600- to 900-km iron- 
rich core. An asthenosphere had been sug- 
gested earlier but was the subject of debate. 
This latest modeling appears to provide the 


answer: It exists, and it’s hot; a melt frac- 
tion >20% and a temperature >1400 K pro- 
vide the best fit of the modeling to the data. 
A magma ocean was needed to fit the mul- 
tilayer modeling of the interior’s conductiv- 
ity, assuming reasonable conductivity values 
and a range of melt fractions. Modeling of 
the exterior plasma environment was done 
by means of a conducting fluid approach. 
Although this does not include all the indi- 
vidual particle kinetic effects, and plasma 
effects may be important, this technique is 
suitable for large-scale features of the inter- 
action. The result of the coupled model gives 
a three-dimensional map of the magnetic 
field around Io and the magnetic field pertur- 
bation, including Alfvén wings, that it may 
produce. A simulated spacecraft fly-through 
at the distances of two key Galileo flybys 
provided a detailed comparison of the time 
variation of the magnetic field. 

What makes Io stand out among the outer 
planet satellites is the global magma ocean, 
the source of the huge activity of this moon. 
Whereas the other moons have liquid water 
oceans, Io’s contains sulfurous magma (see 
the figure). 

The Galileo mission ended in 2003 and 
left many unanswered questions, especially 


about the Galilean satellites. The depths 
of the watery oceans at Europa, Gany- 
mede, and Callisto are unknown, as are the 
ice shell thicknesses. Similarly, there are 
still many questions arising from Cassini’s 
exploration at Saturn. Outer planet moons 
are tempting targets for future explora- 
tion, and recent mission studies are aimed 
at studying Ganymede and Europa in detail, 
and also Titan and Enceladus. Many ques- 
tions remain about these fascinating moons. 
We hope the resources will be available to 
answer them soon. 
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Potential Solutions for Creating 
Responsive Materials 


Karl Sieradzki 


Plastic deformation of a nanoporous material can be altered by changing its surface via an 


electrochemical potential. 


tructural materials are often engineered 

for toughness—an ability to withstand 

sudden impact and avoid brittle failure. 
If these materials could sense their surround- 
ings and if their properties could be “tuned” 
with an external stimulus, then it might be pos- 
sible to engineer materials that can self-repair 
the damage they may incur. Some compos- 
ite polymeric materials have been developed 
with such capabilities (/). However, for many 
applications, we are still years away from 
knowing how to create and tune the proper- 
ties of other useful materials. Onlpage 1179] 


of this issue, Jin and Weissmiiller (2) describe 
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in situ tuning of a two-phase composite struc- 
ture formed from nanoporous gold infiltrated 
with a perchloric acid (HCIO,) electrolyte 
solution. They demonstrated “reversible” tun- 
ing of the flow stress—the pressure needed to 
maintain plastic deformation—by changing 
the composition of absorbed molecules on the 
gold surface with an applied electrochemical 
potential (3). 

The solid phase was made by selective 
leaching of silver from a silver-gold alloy. A 
connected network of gold ligaments formed, 
roughly 10 to 20 nm in diameter, that con- 
tained pores of similar dimensions (see the 
figure, panel A). The network was bicon- 
tinuous; that is, both the solid phase and the 
void space were continuous, and there were 
no isolated porous regions. The changes that 
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Tuning mechanical properties. Jin and Weissmiiller examined changes in flow 
stress of a nanoporous gold structure (A) filled with a 1 M HClO, electrolyte. 
Application of electrochemical potential changes the nature of the surface and 


occurred on a gold surface when an electro- 
chemical potential was applied with HCIO, 
as the electrolyte fell into three regimes 
(4). Between 0 and 0.50 V (5), the surface 
charged like a capacitor (see the figure, panel 
B). Between 0.50 and 1.20 V, anions were 
attracted to the positive charge and adsorbed 
(see the figure, panel C). Between 1.20 and 
1.50 V, amonolayer of oxidized gold formed. 
The monolayer oxidation process began 
with hydroxide (OH) adsorption into sur- 
face sites unoccupied by adsorbed ClO,; 
as the potential became more positive, more 
OE was incorporated and correspondingly 
ClO, desorbed. Finally, the surface under- 
went a reconstruction in which the oxygen 
atoms were incorporated into the gold sur- 
face atoms to create a layer of gold oxide. 

Jin and Weissmiiller determined the 
mechanical properties of this composite 
material by applying pressure and measur- 
ing deformation while an electrochemical 
potential was applied. The largest changes 
in material properties occurred when the 
applied potential was jumped from the region 
of ClO, adsorption (about 1 V) to the mono- 
layer oxidation region (about 1.5 V). In this 
case, the flow stress increased by as much 
as a factor of 2. They also observed smaller 
increases in flow stress when the potential 
was pulsed from the region of ClO, adsorp- 
tion (about 1 V) into the capacitive charg- 
ing region (about 0.1 V). The flow stress was 
smallest in the vicinity of the potential of zero 
charge (about 0.5 V). 

One can conceive of several possible 
mechanisms by which a two-dimensional gold 
oxide layer could increase the flow stress of 
nanoscale structures. The movement of atoms 
that allows a crystalline material to deform 
actually occurs via the movement of disloca- 
tions—line defects that run through the mate- 
rial. The rate of this process depends on how 
easily dislocations move and their density. A 
surface oxide could reduce the surface mobil- 
ity of a dislocation by pinning it at the point 


where it emerges on the surface (6), making 
it immobile. The oxide could also create an 
elastically stiff barrier that impedes a disloca- 
tion from escaping through the surface. 

The mechanical properties reported by 
Jin and Weissmiiller are connected to vari- 
ous observations of surface effects on crystal 
plasticity often generically termed Rehbinder 
effects (7). This effect originally referred to 
the adsorption-induced reduction in hardness 
or flow stress of a material caused by a con- 
comitant lowering of the surface energy (8). 
These quantities are related because a por- 
tion of the work of plastic flow is associated 
with the creation of new surfaces as the mate- 
rial stretches. However, Jin and Weissmiiller 
observed a minimum in the flow stress in the 
range of potentials such that the surface is 
free of adsorbates. 

Their results are also connected to more 
recent reports of sample size effects on the 
yield and flow strength of solids (9). Because 
the surface-to-volume ratio in a nanostruc- 
ture is relatively large and the bulk disloca- 
tion content is likely small, the importance 
of surface effects is magnified. For poten- 
tials that oxidized the surface, the ampli- 
tude of the variation in flow stress increased 
with decreasing gold ligament size. Similar 
results have been reported for flow stress 
of nanoscale gold pillars (/0), although the 
cause of this behavior is unclear. 

One intriguing aspect of the results 
reported by Jin and Weissmiiller relates to the 
brittle behavior of the composite structure in 
the oxidative region and the connection of 
this behavior to stress-corrosion cracking of 
metal alloys. In some cases involving noble 
metal alloys and stainless steels, stress cor- 
rosion has been linked to the selective dis- 
solution of an alloy component and the con- 
sequent formation of a nanoporous structure 
(11). In the case of silver-gold alloys, the 
nanoporous structure initially forms at length 
scales on the order of 2 to 3 nm (/2). The 
magnitude of the behaviors reported by Jin 


its mechanical response. (B) Between 0 and 0.5 V, the surface builds up a nega- 
tive charge like a capacitor. (C) Between 0.5 and 1.2 V, the positive charge in 
the surface is compensated by an adsorbed layer of anions from the electrolyte. 


and Weissmiiller increased with decreasing 
gold ligament size, so it seems quite plausible 
that at yet smaller length scales, these effects 
will be larger and therefore possibly relevant 
to certain forms of stress-corrosion cracking. 
A timely application of the concepts pre- 
sented in the report by Jin and Weissmiil- 
ler may be connected to mitigating damage 
evolution that occurs in rechargeable batter- 
ies when metal ions intercalate in and out 
of electrode materials. The associated vol- 
ume change can crack the material and elec- 
trically isolate parts of it. Such mechanical 
failure of intercalation materials is believed 
to be a possible mechanism of capacity loss 
in lithium-ion batteries (/3). It may be pos- 
sible to design intercalation electrodes with 
nanoscale morphologies that, under suit- 
able voltage conditions, make use of electric 
charge or surface-active agents that modify 
the plastic properties of the electrode struc- 
ture. Such approaches may relieve, at least 
to some extent, fatigue damage created by 
cycles of intercalation and de-intercalation. 
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EVOLUTION 


In Evolution, the Sum Is Less 


than Its Parts 


Sergey Kryazhimskiy,'? Jeremy A. Draghi,' Joshua B. Plotkin’ 


ropagating bacteria in a lab 

for thousands of genera- 

tions may seem tedious, or 
even irrelevant, to most evolution- 
ary biologists. Nonetheless, such 
experiments provide an opportunity 
to deduce quantitative principles of 
evolution and directly test them in 
controlled environments. Combined 
with modern sequencing technolo- 
gies, as well as theory, recent micro- 
bial experiments have suggested a 
critical role for genetic interactions 
among mutations, called epistasis, 
in determining the pace of evolution. 
Two papers in this issue, by Khan et 
al. onlpage 1193] 1) and Chou et al. 
(2) on present precise 
experimental measurements of these 
epistatic interactions. 

Microbial evolution experiments 
in a simple, constant environment 
reveal a characteristic pattern: At 
first, a population rapidly acquires 
beneficial mutations, but then 
adaptation progressively slows so 
that thousands of generations pass 
between subsequent beneficial substitutions 
(3). Unexpected outcomes, however, can and 
do occur even in these simple experimental 
conditions. Populations evolve a dramatically 
elevated mutation rate (4), discover rare phe- 
notypic innovations (5), or diverge into dis- 
tinct lineages that either coexist (6) or com- 
pete vigorously as each strain races to acquire 
more adaptive mutations (7). Recent theory 
suggests that a common cause underlies all 
these phenomena: the structure of epistatic 
interactions among mutations. 

Epistasis describes how the fitness conse- 
quence ofa mutation depends on the status of 
the rest of the genome. In one extreme exam- 
ple, called sign epistasis, a mutation may be 
beneficial if it arises on one genetic back- 
ground, but detrimental on another. Although 
interactions among genes may seem an obvi- 
ous fact of biology, the myriad possible forms 
of epistasis have made it difficult to formu- 
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late predictive evolutionary models or to infer 
such interactions from empirical data. Nev- 
ertheless, epistasis is at the heart of classi- 
cal theories, such as the evolution of sex (8), 
and also of modern concepts such as robust- 
ness and evolvability (a population’s ability 
to evolve) (9). Moreover, recent theoretical 
work (/0) suggests that the overall dynami- 
cal pattern of adaptation observed in long- 
term microbial experiments can be explained 
by a prevalence of what is called antagonistic 
epistasis, in which beneficial mutations con- 
fer less benefit in combination than they do 
individually. 

To quantify epistasis among beneficial 
mutations and to test these theoretical predic- 
tions, both Khan et a/. and Chou et al. exam- 
ined the initial substitutions that occurred in 
populations of bacteria adapting in the labo- 
ratory. The researchers identified the hand- 
ful of mutations across the genome that had 
substituted in an evolved strain, and then con- 
structed intermediate strains containing com- 
binations of these mutations. By measuring 
the fitness benefits conferred by these muta- 
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Laboratory experiments with bacteria shed 
light on how epistatic interactions influence 
the pace of evolution. 
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Antagonistic epistasis. Bacteria adapt to a laboratory environment by acquiring beneficial mutations. Khan et al. 
and Chou et al. identified the mutations that accrued in an adapted strain, and measured their fitness benefits (growth 
advantage relative to the ancestor). The mutations conferred smaller marginal benefits in combination than they did 
individually. This antagonistic epistasis causes progressively slower rates of adaptation over time. 


tions, individually and in combination, the 
researchers were able to directly quantify the 
extent and form of epistasis (see the figure). 

Both studies found a predominance of 
antagonistic epistasis, which impeded the 
rate of ongoing adaptation relative to a null 
model of independent mutational effects. 
Chou ef al. further interpreted the prevalence 
of antagonistic epistasis in terms of meta- 
bolic costs and benefits. The concordance of 
results from the two studies is noteworthy, 
especially because Khan et al. analyzed Esch- 
erichia coli populations [from the long-term 
experiments of Lenski (3)], whereas Chou et 
al. studied an engineered strain of Methylo- 
bacterium extorquens. The remarkable preci- 
sion with which both studies quantified epis- 
tasis among beneficial mutations was made 
possible only by leveraging whole-genome 
sequencing combined with the ability to 
reconstruct mutational combinations and 
assay them in the same environment in which 
the mutations first arose. 

The view of epistasis across a genome that 
emerges from this work contrasts sharply 
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with the type of epistasis found among adap- 
tive mutations within a single protein (//). 
Notably, Weinreich ef al. studied mutations 
in an antibiotic resistance gene, B-lactamase, 
and found a prevalence of sign epistasis, 
which limits the number of genetic paths 
that evolution can follow (//). In contrast, 
the epistasis documented by Khan ef al. and 
Chou et al. exerts less constraint on the order 
of substitutions that increase fitness, so that 
the specific path that evolution will take is 
less predictable. At the same time, the preva- 
lence of antagonistic epistasis measured by 
the two groups ensures a predictable tempo 
of adaptation characterized by diminishing 
marginal returns (/0). 

Although these new experiments suggest 
a consistent principle of how epistasis shapes 
the pattern of adaptation, many questions 
must be answered before their results can 
be extended to evolution outside the labora- 
tory. It remains unclear, for instance, whether 
these results would be altered by changing 
fundamental evolutionary parameters, such 
as population size, rate of mutation, and rate 
of recombination. Likewise, it is unclear 


whether experiments in simple environments, 
with only one or a few niches for coexisting 
strains, will reflect the pattern of adaptation in 
more complex ecologies, such as Pseudomo- 
nas fluorescens in structured environments 
(6). Nonetheless, the compelling consistency 
between these two studies should inspire 
efforts to test the generality of their findings, 
by measuring epistasis in a wide range of 
experimental and even natural systems. 
These studies, and the long-term labora- 
tory evolution experiments from which they 
derive, represent a resounding achievement 
for the reductionist approach to studying 
biology. The mechanistic picture they paint 
of evolution is complex but not incompre- 
hensible; although epistatic interactions lead 
to surprising phenomena, the advantages 
of a frozen “fossil record” of laboratory- 
raised isolates, and the ease of manipulat- 
ing—and, now, fully sequencing—evolved 
strains enables researchers to tease apart and 
examine the underlying causes of these phe- 
nomena. Moreover, the theory and concepts 
developed to explain these simple experi- 
ments may have broad payoffs. Already, 
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epistasis has been implicated in the evolu- 
tion of drug resistance in influenza viruses 
(12) and in bacterial pathogens (/3). Ulti- 
mately, populations of bacteria tediously 
propagated in the lab may be key to predict- 
ing the next moves of the most mutable and 
dangerous human pathogens. 
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GENOMICS 


Behavior and the Dynamic Genome 


Alison M. Bell"? and Gene E. Robinson”* 


hen circumstances change, an 

organism’s first response is often 

behavioral. But how does adap- 
tive behavior evolve, given that it requires 
constant and often instantaneous interac- 
tions between an individual and its environ- 
ment? The dominant view emphasizes new 
random DNA mutation as the starting point. 
This may lead to behavioral variation. If 
the resulting variants have different fitness 
values, then natural selection could result 
in behavioral evolution through changes in 
allele frequencies across generations. An 
alternative theory proposes environmentally 
induced change in an organism’s behavior as 
the starting point (/), and “phenotypic plas- 
ticity” that is inherited across generations 
through an unspecified process of “genetic 
assimilation” (2). Despite numerous exam- 
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ples (3), the latter as a driver of behavioral 
evolution has never been widely accepted, 
perhaps as a reaction against Lamarckian- 
ism—the idea that characteristics acquired 
by habit, use, or disuse can be passed on 
across generations. However, behavioral 
genetics and genomics, especially for ani- 
mals in natural populations, lend some plau- 
sibility to the phenotypic plasticity view. 
The ability to analyze genome-wide gene 
expression through “transcriptomics” has 
shown that the genome responds dynami- 
cally to stimuli (4). One illustrative exam- 
ple is the honey bee. The African honey bee 
(Apis mellifera scutellata) responds much 
more fiercely when its hive is attacked than 
do other subspecies of honey bee. Evolu- 
tionary changes in brain gene expression 
may have resulted in an increase in respon- 
siveness to alarm pheromone (the chemical 
bees use to alert each other to danger) for 
African honey bees (5). About 10% of the 
same genes regulated in the brain by alarm 
pheromone are also differentially expressed 
between African and the less aggressive 
European honey bees. These genes, acting 


Does behavior evolve through gene expression 
changes in the brain in response to the 
environment? 


over both physiological and evolutionary 
time scales, provide a possible mechanism 
for how behavioral plasticity might drive 
rapid behavioral evolution through changes 
in gene regulation. In an environment with 
more predators, colonies producing more 
bees with lower thresholds for responding 
to alarm pheromone would have fared bet- 
ter, which would then result in a popula- 
tion with patterns of gene expression whose 
output was an “aroused” behavior, even in 
the absence of alarm pheromone. Although 
this view does not rule out the possibility 
that these differences in aggression arose 
through new mutation, the transcriptomics 
agrees with the idea of “genetic accommo- 
dation” (3), the modern, more inclusive ver- 
sion of genetic assimilation, which could 
involve either evolutionary increases or 
decreases in plasticity. In certain environ- 
ments, plastic genotypes might be favored, 
but in other environments, nonplastic gen- 
otypes might be preferred instead. Future 
studies will determine whether differences 
in honey bee aggression can be explained 
by selection on regulatory regions of the 
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genome, epigenetic (chemical) modifica- 
tions to the genome, or both. 

Genes that are responsive over differ- 
ent time scales also may be involved in the 
evolution of animal personality (6). For 
example, after the retreat of the glaciers 
during the early Holocene ~12,000 years 
ago, marine stickleback fish (Gasterosteus 
aculeatus) invaded new freshwater environ- 
ments filled with predators they had never 
encountered before. Some sticklebacks must 
have changed their behavior in response to 
this threat, and over generations, those behav- 
iors that enhanced survival were favored. As 
with the African honey bees, their survival 
might be attributed to behavioral changes 
that resulted from genetic accommodation of 
a plastic response to predation risk through 
selection on gene regulation. Presently, there 
are genetically distinct populations of “bold” 
and “shy” stickleback fish adapted to differ- 
ent predation regimes that exhibit different 
baseline levels of antipredator behavior, even 
when predators are not immediately present. 

These examples suggest that genes with 
expression differences along the temporal 
continuum are candidates for driving evo- 
lutionary divergence through phenotypic 
plasticity. The mating behavior in dung bee- 
tles (Onthophagus taurus) reflects this pos- 
sibility. Male beetles with prominent horns 
fight for access to females, whereas horn- 
less males attempt instead to mate surrepti- 
tiously, without challenging other males (see 
the figure). The genes that are differentially 
expressed between these two male morphs 
are also evolutionarily divergent (7). Given 
the ever-increasing cases of genetic accom- 
modation in natural populations, includ- 
ing feeding-induced changes in head shape 
in snakes (8) and sticklebacks (9), behav- 
ioral innovation in Darwin’s finches (/0), 
and range expansion in house finches (//), 
genomic analyses could clarify whether 
phenotypic plasticity is often a driver of 
behavioral evolution. 


Transcriptomics and analysis of genetic 
variation may reveal whether genes linked 
to phenotypic plasticity and behavior are 
common or rare; epigenomics can explain 
how they might go from inducible to con- 
stitutively expressed; and molecular systems 
biology can identify their positions in regu- 
latory networks (/2). These kinds of genes 
might be used repeatedly in evolution to 
build the circuits and systems underlying 
certain types of behaviors, even though they 
do not directly encode behavior. 

The dynamic genome also generates test- 
able evolutionary hypotheses about which 
genes might be most important for human 
health. Genes that are important over differ- 
ent time scales might be expected to be held in 
check by stabilizing selection, and to be buff- 
ered from developmental perturbations over 
a lifetime. But from the perspective of “Dar- 
winian medicine,” the genes that facilitate 
plasticity over multiple time scales might also 
cause maladaptation when the environment 
changes. If so, then genes acting over the tem- 
poral continuum, or the networks they operate 
in, may be disproportionately involved in dis- 
ease conditions such as mental illness. A case 
in point is CNTNAP2, which encodes a neu- 
ronal cell adhesion protein. CNTNAP2 func- 
tions in a network that includes the transcrip- 
tion factor Forkhead box protein P2 (FOXP2). 
Mutations in CNTNAP2 are linked to lan- 
guage delay in children with autism spectrum 
disorder (/3, 14), and FOXP2 is involved in 
auditory communication in a variety of verte- 
brates, including humans (4). Disrupting the 
expression of FOXP2 in the basal ganglia in 
mice (/5) and song birds (/6) causes commu- 
nication deficits, and there is evidence for a 
selective sweep for a FOXP2 allele in primates 
that is associated with the evolution of human 
speech (/7). 

The relationship between behavioral 
plasticity and the dynamic genome should 
become clearer as brain transcriptomics 
spreads to more species. Similar advances 


Behavioral evolution. Male 
dung beetles with horns (left) 
fight for mates, whereas horn- 
less males (right) sneak copula- 
tions. The morphs show different 
patterns of gene expression in 
developing brain tissue. Genes 
that are differentially expressed 
between these two morphs have 
diverged among species. 


can be expected for the relationship between 
gene expression and genetic variation, 
including cryptic genetic variation, which 
does not influence the phenotype unless 
there is a change in the environment (/8). 
With the imminent sequencing of genomes 
of thousands of species, as well as thousands 
of individuals of the same species, there will 
be ample new evidence to test these ideas, 
but with a twist. Given that genes that are 
more plastic in their expression can also be 
more sensitive to mutation (/9), there likely 
will be examples where phenotypic plastic- 
ity “lit the match” for adaptive behavioral 
evolution (3) but cryptic genetic variation 
provided the fuel. 
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A Bacterium That Can Grow by Using 
Arsenic Instead of Phosphorus 
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Life is mostly composed of the elements carbon, hydrogen, nitrogen, oxygen, sulfur, and 
phosphorus. Although these six elements make up nucleic acids, proteins, and lipids and thus 
the bulk of living matter, it is theoretically possible that some other elements in the periodic 
table could serve the same functions. Here, we describe a bacterium, strain GFAJ-1 of the 
Halomonadaceae, isolated from Mono Lake, California, that is able to substitute arsenic for 
phosphorus to sustain its growth. Our data show evidence for arsenate in macromolecules that 
normally contain phosphate, most notably nucleic acids and proteins. Exchange of one of the 
major bio-elements may have profound evolutionary and geochemical importance. 


iological dependence on the six major 
B nutrient elements carbon, hydrogen, nitro- 

gen, oxygen, sulfur, and phosphorus (P) 
is complemented by a selected array of other ele- 
ments, usually metals or metalloids present in 
trace quantities that serve critical cellular func- 
tions, such as enzyme co-factors (/). There are 
many cases of these trace elements substituting 
for one another. A few examples include the sub- 
stitution of tungsten for molybdenum and cad- 
mium for zinc in some enzyme families (2, 3) and 
copper for iron as an oxygen-carrier in some ar- 
thropods and mollusks (4). In these examples and 
others, the trace elements that interchange share 
chemical similarities that facilitate the swap. How- 
ever, there are no prior reports of substitutions 
for any of the six major elements essential for 
life. Here, we present evidence that arsenic can 
substitute for phosphorus in the biomolecules of 
a naturally occurring bacterium. 

Arsenic (As) is a chemical analog of P, which 
lies directly below P on the periodic table. Arsenic 
possesses a similar atomic radius, as well as near 
identical electronegativity to P (5). The most com- 
mon form of P in biology is phosphate (PO,* ), 
which behaves similarly to arsenate (AsO,* ) over 
the range of biologically relevant pH and redox 
gradients (6). The physicochemical similarity be- 
tween AsO,* and PO,* contributes to the bio- 
logical toxicity of AsO,* because metabolic 
pathways intended for PO,*~ cannot distinguish 
between the two molecules (7) and AsO,* may 
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be incorporated into some early steps in the path- 
ways [(6) and references therein]. However, it is 
thought that downstream metabolic processes are 
generally not compatible with As-incorporating 


stream biochemical pathways may require the 
more chemically stable P-based metabolites; the 
lifetimes of more easily hydrolyzed As-bearing 
analogs are thought to be too short. However, 
given the similarities of As and P—and by anal- 
ogy with trace element substitutions—we hypoth- 
esized that AsO,* could specifically substitute 
for PO, in an organism possessing mechanisms 
to cope with the inherent instability of AsO,° 
compounds (6). Here, we experimentally tested 
this hypothesis by using AsO,° , combined with 
no added PO,°., to select for and isolate a mi- 
crobe capable of accomplishing this substitution. 
Geomicrobiology of GFAJ-1. Mono Lake, 
located in eastern California, is a hypersaline and 
alkaline water body with high dissolved arsenic 
concentrations [200 uM on average (9)]. We used 
lake sediments as inocula into an aerobic defined 
artificial medium at pH 9.8 (/0, //) containing 
10 mM glucose, vitamins, and trace metals but no 
added PO,*~ or any additional complex organic 
supplements (such as yeast extract or peptone), 
with a regimen of increasing AsO,*~ additions 
initially spanning the range from 100 1M to 5 mM. 
These enrichments were taken through many 


molecules because of differences in the reactiv- 
ities of P and As compounds (8). These down- 


decimal-dilution transfers, greatly reducing any 
potential carryover of autochthonous phosphorus 
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Fig. 1. Growth and electron microscopy of strain GFAJ-1. (A and B) Growth curves of GFAJ-1 grown on 
the defined synthetic medium amended with either 1.5 mM PO,°- (solid circles), 40 mM AsO,*~ (solid 
squares), or neither PO,*~ nor AsO,° (open triangles). Cell growth was monitored both by an increase in 
(A) optical density and (B) cell numbers of the cultures. Symbols represent the mean + SD of (A) n = 6 
experimental and n = 2 controls and (B) n = 3 experimental and n = 1 control. This was a single 
experiment with six replicates; however, material was conserved to extend the duration of the experiment 
to allow material for cell-counting samples. (C and D) Scanning electron micrographs of strain GFAJ-1 
under two conditions, (C) +As/—P and (D) —As/-+P. (E) Transmission electron micrography of +As/—P GFAJ-1 
showed internal vacuole-like structures. Scale bars are as indicated in the figure (21). 
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(11). The background PO,?> in the medium was 
3.1 (£0.3) uM on average, with or without added 
AsO,*°, coming from trace impurities in the 
major salts (table S1) (//). The sixth transfer of 
the 5 mM AsO," (no added PO,* ) condition 
was closely monitored and demonstrated an ap- 
proximate growth rate (1) of 0.1 day”!. After 107 
dilutions, we used the 5 mM AsO,° enrichment 
to inoculate an agar plate that contained the same 
chemical composition as the artificial medium. 
An isolated colony was picked from the agar 
plates and reintroduced into an artificial liquid 
medium with no added PO,*, where we then 
progressively increased the AsO,* concentration 
to determine the optimal level for growth. Current- 
ly, this isolate—strain GFAJ-1 identified by 16S 
ribosomal RNA sequence phylogeny as a mem- 
ber of the Halomonadaceae family of Gamma- 
proteobacteria (fig. S1) (//)—is maintained 
aerobically with 40 mM AsO,*, 10 mM glucose, 
and no added PO,* (+As/-P condition). Mem- 
bers of this family have been previously shown to 
accumulate intracellular As (/2). 

GFAJ-1 grew at an average [Umax of 0.53 day! 
under +As/-P, increasing by over 20-fold in cell 
numbers after 6 days. It also grew faster and 


more extensively with the addition of 1.5 mM 
PO, (-AS/+P, Umax of 0.86 day~') (Fig. 1, A 
and B). However, when neither AsO,>~ nor PO,? 
was added no growth was observed (Fig. 1, A 
and B). We include both optical density and 
direct cell counts to unambiguously demon- 
strate growth using two independent meth- 
ods. Cells grown under +As/—P were oblong and 
approximately 2 by 1 um when imaged by 
means of scanning electron microscopy (Fig. 
1C) (//). When grown under +As/-P conditions, 
GFAJ-1 cells had more than 1.5-fold greater 
intracellular volume (=2.5 + 0.4 um?) as com- 
pared with that of —As/+P (1.5 + 0.5 um’) (Fig. 
1D) (//). Transmission electron microscopy re- 
vealed large vacuole-like regions in +As/—P— 
grown cells that may account for this increase 
in size (Fig. 1E). These experiments demonstrated 
AsO,* -dependent growth, morphological dif- 
ferences in GFAJ-1 driven by AsO,*> in the growth 
medium, and that the level of PO? impurities in 
the medium was insufficient to elicit growth in 
the control (—As/-P). 

Cellular stoichiometry and elemental dis- 
tribution. To determine whether GFAJ-1 was tak- 
ing up AsO,?~ from the medium, we measured the 


Table 1. Bulk intracellular elemental profile of strain GFAJ-1. Cells were grown and prepared with 
trace metal clean techniques (11). Numbers in parentheses indicate replicate samples analyzed. 
As:P ratios were calculated based on all samples analyzed (11). Units are percent dry weight. 


Condition As P As:P 
+As/—-P (8) 0.19 + 0.25 0.019 + 0.009 7.3 
—As/+P (4) 0.001 + 0.0005 0.54 + 0.21 0.002 
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Fig. 2. NanoSIMS analyses of GFAJ-1: extracted DNA and whole-cells elemental ratio maps. (A) Agarose 
gel loaded with DNA/RNA extracted from GFAJ-1 grown (lane 2) +As/—P and (lane 3) —As/+P as compared 
with (lane 1) a DNA standard. Genomic bands were excised as indicated and analyzed with NanoSIMS. lon 
ratios of ”°As~:"C~ of excised gel bands are indicated below with 2c error shown (all values multiplied by 
10~*). (B to G) NanoSIMS images of whole GFAJ-1 cells grown either [(B), (D), and (F)] +As/-P or [(C), (E), 
and (G)] —As/+P. Shown are the ion ratios of [(B) and (C)] 7°As~:*2C”, [(D) and (E)] 24P-:72C-, and [(F) and 
(G)] secondary electron (SE). Ratios in (B) and (C) are multiplied by 10~* and in (D) and (E) are multiplied 
by 10-?. The color bars indicate measured elemental ratios on a log scale as indicated. Length scale is as 
indicated on images; images contain equivalent pixel density (12). 
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intracellular As content by means of inductively 
coupled plasma mass spectrometry (ICP-MS) (//). 
In +As/—P-grown cells, the mean intracellular 
As was 0.19 + 0.25% by dry weight (Table 1), 
whereas the cells contained only 0.019 +/— 0.009 
P by dry weight. This P was presumably scavenged 
from trace PO4*~ impurities in the reagents and 
not likely due to carryover, given our enrichment 
and isolation strategy (17). Moreover, when grown 
+As/-P this intracellular P is 96.5% less than our 
measured P values for this microbe when grown 
—As/+P and far below the 1 to 3% P by dry weight 
required to support growth in a typical hetero- 
trophic bacterium (/3). In contrast, GFAJ-1 cells 
grown under —As/+P conditions had a mean P 
content of 0.54 + 0.21% by dry weight. There was 
variation in the total As content of the +As/—P 
cells, which is possibly a result of collection dur- 
ing stationary phase and losses during the repeated 
centrifugations and washing cycles because of 
the potential instability of the cellular structures 
given their swollen state (Fig. 2, C and E). In 
contrast, the integrity of the —As/+P cells ap- 
peared robust (Fig. 2D), and thus intracellular P 
measured for these cells probably reflects their 
content. However, the low total intracellular P 
in +As/—P cells was consistently far below the 
quantity needed to support growth, suggesting 
that these low values are correct despite varia- 
tion in data from the +As/—P cells. Low intracel- 
lular P in concert with high intracellular As was 
further confirmed through high-resolution sec- 
ondary ion mass spectrometry and x-ray analyses, 
as discussed below. 

We used radiolabeled ”7AsO,°~ to obtain more 
specific information about the intracellular dis- 
tribution of arsenic (//). We observed intracellular 
arsenic in protein, metabolite, lipid, and nucleic 
acid cellular fractions (Table 2). Stationary phase 
cells incorporated approximately 49 of the total 
intracellular 7AsO,°~ label into nucleic acids but 
more than three quarters of the AsO,°" into the 
phenol extracted “protein” fraction, with a small 
fraction going into lipids. We caution that the 
large “protein” fraction is probably an overestimate 
because this extraction step likely contains nu- 
merous small, non-proteinaceous metabolites 
as well. To determine whether this distribution 
patter reflected a use of AsO,°- in place of PO,? 
in DNA, we estimated the average sequenced 
bacterial genome to be 3.8 megabase pairs (Mbp), 
which would contain approximately 7.5 x 10° 
atoms or 12.5 x 10°'* moles of P. Assuming 
one complete genome per cell, this would equal 
0.39 fg of P in the genome. Using ICP-MS, we 
measured about 9.0 fg P per cell in the —As/+P 
condition, which implies that only ~4% of total 
intracellular P is associated with the genome. 
Because these cells were harvested in station- 
ary phase (//), the fraction of P associated with 
RNA is likely small (4). Hence, roughly 96% 
of P is presumably distributed between the “lipid” 
and “protein” fractions. If AsO,°~ is substitut- 
ing for PO} in DNA, then we can assume that 
roughly the same fraction of the total intracellular 
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AsO,°> would reflect a similar distribution to our 
estimated PO,°> distribution. The distribution of 
intracellular AsO,* in our experiments was 
consistent with these estimates. If AsO,°> is ful- 
filling the biological role of PO,°-, then AsO,° 
should act in many analogous biochemical roles, 
including DNA, protein phosphorylation, small mo- 
lecular weight metabolites [such as arsenylated 
analogs of the reduced form of nicotinamide ade- 
nine dinucleotide phosphate (NADH), adenosine 
triphosphate (ATP), and intermediates like glu- 
cose and acetyl-coenzyme A (acetyl-CoA)], and 
phospholipids. 

Our data suggested that As was present in a 
number of biomolecules, and in particular we 
sought to confirm the presence of As in the DNA 
fraction. Initially, we measured traces of As with 
ICP-MS analysis of extracted nucleic acid and 


protein/metabolite fractions from +As/—-P-grown 
cells (table $1) (77). We then used high-resolution 
secondary ion mass spectrometry (NanoSIMS) 
to identify As in extracted, gel-isolated genomic 
DNA (Fig. 2A). These data showed that DNA from 
+As/-P cells had elevated As and low P relative 
to DNA from the —As/+P cells. NanoSIMS anal- 
ysis of the DNA showed that the As:P ratio on 
an atom-per-atom basis was significantly higher 
in the +As/-P versus —As/+P grown cells (P = 
0.02) ( Fig. 2A and table $2) (//). Whether ex- 
pressed as an ion ratio relative to C ("As :!°C ), 
(Fig. 2A) or *!P-:!?C- (table $2) (//), or normal- 
ized by relative ion yield and expressed as a con- 
centration in parts per billion (table $2) (//), 
we saw a similarly consistent trend, with signif- 
icantly higher As in the +As/-P DNA (P= 0.03) 
and higher P in the —As/+P DNA (P= 0.0003). In 


Table 2. Intracellular radiolabeled 72AsO,~ arsenate distribution. All major cellular subfractions 
contained radiolabel after cell-washing procedures. Small molecular weight (s.m.w.) metabolites 
potentially include arsenylated analogs of ATP, NADH, acetyl-CoA, and others (71). SE is shown. 


Solvent (subcellular fraction) 


Cellular radiolabel recovered (percent of total) 


Phenol (protein + s.m.w. metabolites) 80.3 + 1.7 
Phenol:Chloroform (proteins + lipids) 5.1441 
Chloroform (lipids) 1540.8 
Final aqueous fraction (DNA/RNA) 11.0+ 0.1 
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Fig. 3. X-ray analysis of GFAJ-1 +As/—P described similarity of As coordinated like P in DNA. (A) EXAFS 
comparisons of the Fourier transformed data for As in model environments and GFAJ-1 (washed and fixed, 
collected on whole cells). Identification of each spectrum is indicated on the figure and from top to bottom 
are As-S, As-Fe, and GFAJ-1 data (collected on whole cells) and fit to the GFAJ-1 data (red line). (B) XRF 
maps indicated the correlation between As, iron (Fe) and zinc (Zn) and not with P with some variability but 
consistent with the trend that these elements are often found together (fig. S3, element correlation plots). 
The scale bar in the Zn quadrant of the maps is as designated and applies to all parts of the figure. Given 
the spatial resolution of these images, the structures identified as containing high As, Fe, and Zn are 
aggregates of cells. Ranges as indicated in the color bar run from cold to hot, in units of 1g cm~, as 
follows: As, 0 to 1.6; P, 0 to 40; Fe, 0 to 32.1; and Zn, 0 to 2.8. Standards were used to calibrate signal and 


background (11). 
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both cases, the nonamended element concentra- 
tion was equal or less than background levels. 
These measurements therefore specifically dem- 
onstrated that the purified DNA extracted from 
+As/-P cells contained As. Our NanoSIMS 
analyses, combined with the evidence for intra- 
cellular arsenic by ICP-MS and our radiolabeled 
™AsO,° experiments, indicated that intracel- 
lular AsO," was incorporated into key biomol- 
ecules, specifically DNA. 

Characterization of the intracellular arse- 
nic chemical environment. We next used syn- 
chrotron x-ray studies to determine the speciation 
and chemical environment of the intracellular 
arsenic (//). Micro—x-ray absorption near-edge 
spectroscopy (XANES) of +As/—P-grown cells 
exhibited an absorption edge characteristic of 
As(V) coordination with no evidence of As(III) 
observed. Best fits of the micro-extended x-ray 
absorption fine structure (uEXAFS) spectra are 
listed in Table 3 and shown in Fig. 3. The first 
neighbor shell around the arsenic in +As/P cells 
consisted of four oxygen ligands (Table 3) but 
had a second shell that is inconsistent with our 
As-Fe and As-S models, free AsO,*~ ions, or 
published spectra for organo-arsenicals (Fig. 3A) 
(15, 16). Although other arsenical compounds 
such as dimethylarsinate (DMA) also have As-O 
and As-C bonds, they have edge positions that 
are shifted to lower energy from the observed 
As(V) and have much shorter observed As-C 
bond distances (/6). In contrast to the models, these 
As-O and As-C distances are consistent with 
that reported from the solved crystal structure of 
DNA for the analogous structural position of P 
relative to O and C atoms (Fig. 3A) (/6, 17). There- 
fore, our x-ray data support the position of AsO," 
in a similar configuration to PO," in a DNA back- 
bone or potentially other biomolecules as well. 
These data are also consistent with the presence 
of AsO,°~ in small-molecular-weight metabolites 
(for example, arsenylated analogs of NADH, ATP, 
glucose, and acetyl-CoA) as well as arsenylated 
proteins in which AsO,*~ would substitute for 
PO,>- at serine, tyrosine, and threonine residues 
(table $3) (/, 11). Micro—x-ray fluorescence data 
(XRF) further confirmed our ICP-MS measure- 
ments and showed low background P, which 
contrasted with regions of high arsenic corre- 
lated with high iron and zinc (Fig. 3B and fig. 
$2) (//). These latter two elements are routinely 
used as proxies for the presence of cellular ma- 
terial (such as C, N, and O) in our experiments 
because these light elements could not be de- 
tected with x-ray fluorescence under our non- 
vacuum conditions. However, to further support 
the distribution of arsenic with cellular material 
we used NanoSIMS to map cellular ion ratios 
of ?As:!?C” and *'P°:!7C> (Fig. 2, B to G, and 
fig. S2) (//). These analyses confirmed, at a 
much finer resolution, that for the +As/-P condition 
the cells contain As with a low background of P 
(Fig. 2, B, D, and F). This is in contrast to the 
low As and higher P in —As/+P-grown cells (Fig. 
2, C, E, and G). Because the x-ray absorption data 
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Table 3. Results of fitting arsenic K-edge EXAFS of GFAJ-1. $02 = 1, global amplitude factor and 
EO = 13.97, offset for calibration. Type, the coordination type; Number, the coordination number; 
R, interatomic distance; and o”, the measure of the static disorder of the shell. See table $2 for 
comparison to P in P-containing biomolecules (11). 


Type Number R o 

As-O 4.2 (0.6) 1.73 (2) 0.003 (2) 
As-C 2.5 (0.5) 2.35 (4) 0.003 (2) 
As-C 2.2 (0.5) 2.92 (6) 0.003 (2) 


provided information about the average coor- 
dination of arsenic, our data identified a mixture 
of compounds in the cells. These results indi- 
cated that these compounds are dominated by 
arsenic(V)-oxygen-carbon-coordinated structures, 
and thus the bonding environment we described 
is consistent with our NanoSIMS data (Fig. 2A) 
and can be attributed to DNA. These data show 
that As is in the +5 redox state and bound to O 
and distal C atoms within acceptable covalent 
bond lengths, identifying AsO,°~ assimilated into 
biomolecules within the cells in specifically rel- 
evant coordination. 

Our data show arsenic-dependent growth by 
GFAJ-1 (Fig. 1). Growth was accompanied by 
AsO,°" uptake and assimilation into biomolecules 
including nucleic acids, proteins, and metabolites 
(Figs. 2 and 3 and Tables 1 and 2). In some or- 
ganisms, arsenic induces specific resistance genes 
to cope with its toxicity (7), whereas some dis- 
similatory arsenic-utilizing microbes can conserve 
energy for growth from the oxidation of reduced 
arsenic species, or “breathe” AsO,°", as a terminal 
electron acceptor (/8). Our study differs because 
we used As as a selective agent and excluded P, a 
major requirement in all hitherto known organisms. 
However, GFAJ-1 is not an obligate arsenophile 
and grew considerably better when provided with 
P (Fig. 1, A and B). Although AsO,*" esters are 
predicted to be orders of magnitude less stable 
than PO,>> esters, at least for simple molecules 
(8), GFAJ-1 can cope with this instability. The 
vacuole-like regions observed in GFAJ-1 cells 
when growing under +As/-P conditions are po- 
tentially poly-B-hydroxybutyrate rich [as shown 
in other Halomonas species (19)], which may 
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stabilize As(V)-O-C type structures because non- 
aqueous environments appear to promote slow- 
er hydrolysis rates for related compounds (8). 
We propose that intracellular regions or mech- 
anisms that exclude water may also promote 
this stability. 

We report the discovery of an unusual mi- 
crobe, strain GFAJ-1, that exceptionally can vary 
the elemental composition of its basic biomol- 
ecules by substituting As for P. How As insin- 
uates itself into the structure of biomolecules is 
unclear, and the mechanisms by which such mol- 
ecules operate are unknown. 
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Polariton Superfluids Reveal Quantum 
Hydrodynamic Solitons 
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A quantum fluid passing an obstacle behaves differently from a classical one. When the flow is slow 
enough, the quantum gas enters a superfluid regime, and neither whirlpools nor waves form around 
the obstacle. For higher flow velocities, it has been predicted that the perturbation induced by the 
defect gives rise to the turbulent emission of quantized vortices and to the nucleation of solitons. 
Using an interacting Bose gas of exciton-polaritons in a semiconductor microcavity, we report the 
transition from superfluidity to the hydrodynamic formation of oblique dark solitons and vortex 
streets in the wake of a potential barrier. The direct observation of these topological excitations 
provides key information on the mechanisms of superflow and shows the potential of polariton 


condensates for quantum turbulence studies. 


flow without friction (/). It is characterized 

by the absence of excitations when the 
fluid hits a localized static obstacle at flow speeds 
Vaow below some critical velocity v,. For small 
potential barriers, the critical velocity is given by 
the Landau criterion as the minimum of w(k)/k, 
with w(K) being the dispersion of elementary ex- 
citations in the fluid. In the case of dilute Bose- 
Einstein condensates (BECs), v, corresponds to 
c,, the speed of sound of the quantum gas. For 
supersonic flows (Vpow > Cs), small obstacles in- 
duce dissipation (drag) via the emission of sound 
waves (2, 3). 

When the barrier is big, larger than the fluid’s 
healing length—the minimum distance induced 
by particle interactions for changes in the density 
of the condensate—the density modulations caused 
by the barrier can generate topological excitations, 
such as vortices and solitons. These quantum hy- 
drodynamic effects have been predicted to reduce 
the critical velocity (4, 5). 

Despite the amount of theoretical work (4-6), 
few experimental studies have addressed hydro- 
dynamic features in atomic condensates through 
the observation of the break-up of superfluidity 
at fluid velocities lower than the speed of sound 
(7, 8). Solitons in a quasi-one-dimensional (1D) 


S uperfluidity is the remarkable property of 
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geometry (9) and the nucleation of vortex pairs 
in an oblate BEC have been reported (/0, //). 
Far from the hydrodynamic regime, formation 
of vortices and solitons has been shown by en- 
gineering the density and phase profile of the 
atomic condensate (/2, 13), or by the collision of 
two condensates (/4). 

Polariton superfluids appear promising in 
view of quantitative studies of quantum hydro- 
dynamics. Polaritons are 2D composite bosons 
arising from the strong coupling between quan- 
tum well excitons and photons confined in a 
monolithic semiconductor microcavity. They pos- 
sess an extremely small mass mp.) on the order 
of 10° that of hydrogen, which allows for their 
Bose-Einstein condensation at temperatures rang- 
ing from a few kelvins (/5) up to room temper- 
ature (/6). All parameters of the system, such as 
the flow velocity, density, and shape and strength 
of the potential barriers, can be finely tuned with 
the use of just one (3) or two (/7) resonant lasers, 
and by sample (/8) or light-induced engineering 
(79). A crucial advantage with respect to atomic 
condensates is the possibility of fully reconstruct- 
ing both the density and the phase pattern of the 
polariton condensate from the properties of the 
emitted light (20). This has been exploited in the re- 
cent observations of macroscopic coherence and 
long-range order (15, 18, 21), quantized vortices 
(20), superfluid flow past an obstacle (3, /7, 22), 
and persistent superfluid currents (23). 

Here we use a polariton condensate to reveal 
quantum hydrodynamic features, whereby dark 
solitons and vortices are generated in the wake of 
a potential barrier. Following a recent theoretical 
proposal (24), we investigate different regimes at 
different flow speeds and densities, ranging from 
superfluidity to the turbulent emission of trains of 
vortices, and the formation of pairs of oblique dark 
solitons of high stability. For spatially large enough 
barriers, soliton quadruplets are also observed. 

Our experiments are performed in an InGaAs- 
GaAs-AlGaAs microcavity at 10 K (25). We ex- 


cite the system with a continuous-wave (cw) 
single-mode laser quasi-resonant with the lower 
polariton branch at an angle of incidence @, re- 
sulting in the injection of a polariton fluid with a 
well-defined in-plane wave vector (3) (k= ko sin @, 
where ko is the wave vector of the excitation 
laser field) and velocity vaow = kh/mpo. The 
speed of sound of the fluid c, is related to the 
polariton density Iwi? via the relation (22) c, = 


Ag\y|* /mpor» Where g is the polariton-polariton 


interaction constant. 


Figure 1A shows the image of a polariton 
fluid with k = 0.73 um! and Vpow = 1.7 pum/ps, 
created with a Gaussian excitation spot 30 um 
in diameter. The resonant pump is centered slight- 
ly upstream from a photonic defect of 4.5 um 
present in the microcavity, in order not to lock 
the phase of the flowing condensate past the 
defect. Two oblique dark solitons with a width 
of 3 to 5 um (Fig. 1B) are spontaneously gener- 
ated in the wake of the barrier created by the 
defect and propagate within the polariton fluid in 
a straight line. 

An unambiguous characteristic of solitons 
in BECs is the phase jump across the soliton 
(12, 13, 26). To reveal the phase variations in the 
polariton quantum fluid, we make the emission 
from the condensate interfere with a reference 
beam of homogeneous phase, with a given angle 
between the two beams (20). The result (Fig. 1C) 
shows a phase jump of up to 7 (half an inter- 
ference period) as a discontinuity in the interfer- 
ence maxima along the soliton. 

The 1D soliton relationships obtained from 
the solution of the Gross-Pitaevskii equation 
(13, 26) can be extended to two dimensions to 
relate the soliton velocity v, in the reference 
frame of the fluid, the phase jump 6, and depth n, 
with respect to the polariton density n away from 
the soliton: 


oos(5) = (1 = ae = - 


In our geometry, a soliton standing in a straight 
line in the laboratory frame implies a constant 
Vs = Vow Sin o., where o is defined in Fig. 1A. As 
the soliton becomes darker (, approaching 77), the 
phase jump saturates at 5 = 7. Indeed, the solitons 
remain quite deep up to the first 40 um of trajec- 
tory (Fig. 1, B and D), with a corresponding phase 
jump close to, but smaller than, 2. At longer dis- 
tances, the depth decreases along with the phase 
jump. Open triangles in Fig. 1D show the ratio 
n,/n as obtained from the measured phase jump 
and Eq. 1. This confirms that the soliton relation- 
ships, which were derived for condensates with- 
out dissipation (26), are applicable locally to 
the case of polaritons under cw pumping, where 
the polariton density is stationary in time. The 
polariton density continuously decreases down- 
stream from the barrier due to the finite polariton 


() 
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lifetime. This results in a decrease in the speed of 
sound (from c, = 3.5 + 1 um/ps at Ay = 14 um, to 
cs = 1.2 + 0.5 um/ps at Ay = 50 um [see (25) for 
the estimation of c,], which compensates the ex- 
pected acceleration of the soliton when it becomes 
less deep (smaller n,/n in Eq. 1). Consequently, 
the solitons present an almost rectilinear shape. 

Simulations based on the Gross-Pitaevskii 
equation, with pumping and decay (25) accord- 
ing to the model described in (24) for the exper- 
imental parameters of Fig. 1, show the nucleation 
of a pair of solitons (Fig. 2A) with its associated 
phase jump (Fig. 2B). The model confirms that 
dark solitons nucleate hydrodynamically due to 
the gradient of flow speeds occurring around the 
potential barrier, which result in density variations 
on the order of the healing length. Once the sol- 
iton is formed, the repulsive interparticle interac- 
tions stabilize its shape as it propagates (6, 27-29). 
By contrast, no stable soliton was observed at 
low excitation density when polariton-polariton 
interactions are negligible (see fig. S3). 

Other hydrodynamic regimes can be explored 
by varying the mean polariton density (i.e., the 
speed of sound) for a fixed flow speed (Fig. 3). 
Here, polaritons move slower than in Fig. 1 (Vaow = 
0.79 um/ps, k = 0.34 wm), and due to their lim- 
ited lifetime, they cannot propagate far away from 
the excitation spot. Hence, we have designed an 
excitation spot with the shape of half a Gaussian, 
with an abrupt intensity cut-off (fig. $1). Below 
the red line in Fig. 3, A to C, only polaritons prop- 
agating away from the pumped area are present, 
and their phase is not imposed by the resonant 
pump beam. 

Figure 3A shows the polariton flow at sub- 
sonic speeds (Vjow = 0.25, where the bar indi- 
cates the mean speed of sound), at high excitation 
density. The condensate is in the superfluid re- 
gime, as evidenced by the absence of density 
modulations in the fluid hitting the barrier and 
from the homogeneous phase (Fig. 3D), show- 
ing a high value of the zero time first-order co- 
herence (25), g“? (Fig. 3G). When the excitation 
density and, correspondingly, the sound speed 
is decreased to Vfjow = 0.42, (Fig. 3B), the fluid 
enters into a regime of turbulence characterized 
by the appearance of two low-density channels 
in the wake created by the barrier, with extended 
phase dislocations (Fig. 3E). We interpret this re- 
gime as corresponding to the continuous emission 
of pairs of quantized vortices and antivortices 
moving through those channels (4-6, 24). Al- 
though a direct observation of the phase singu- 
larity of the emitted vortices is not possible under 
time-integrated cw experiments, the effects of 
the vortex flow are clearly seen when looking at 
g'). Figure 3H shows a trace of low degree of 
coherence along each channel, due to the con- 
tinuous passage of individual vortices. Finally, 
if the density is further decreased, we observe 
the formation of oblique dark solitons (Fig. 3C; 
Vow = 0.6@,), with the characteristic phase jump 
along their trajectory (Fig. 3F), and a constant 
value of g" close to 1 (Fig. 31). 
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The three regimes depicted in Fig. 3 have 
been anticipated by the nonequilibrium Gross- 
Pitaevskii model (24). We report a break-up of 


the superfluid regime at vaow ~0.4@;, a value 
consistent with predictions for the onset of drag 
in the presence of large circular barriers (4, 5). Our 
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Fig. 1. (A) Real-space emission showing a soliton doublet nucleated in the wake of a photonic defect 
located at the origin. (B) Horizontal profiles at different downflow distances from the defect Ay. Arrows 
indicate the soliton position. (C) Interference between the emitted intensity and a constant-phase ref- 
erence beam, showing phase jumps along the solitons (dashed lines). The curved shaped of the fringes 
and the decreasing interfringe distance arise from the geometry of the reference beam. (D) Soliton depth 


(black circles) and phase jump obtained from (C) 


(filled triangles; see fig. $4), showing a strong cor- 


relation. Open triangles: soliton depth obtained from the measured phase jump and Eq. 1. 
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Fig. 2. (A) Real-space emission obtained from the solution of the nonequilibrium Gross-Pitaevskii 
equation for the parameters of the experiment depicted in Fig. 1. (B) Normalized real part of the polariton 
wave function, showing a phase jump (dark dashed lines) along the solitons (white dotted lines). 
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observations show that solitons in the polariton 
fluid can be stable down to subsonic speeds. This 
is in contrast to calculations for atomic conden- 
sates, in which oblique dark solitons are predicted 


> 


Superfluidity 


to be stable only at supersonic speeds (6, 27). 
Because our nonequilibrium simulations (Fig. 2) 
reproduce the observed nucleation at subsonic 
speeds, we infer that the additional damping in 


a Vortex ejection 
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Fig. 3. (A to C) Real-space images of the polariton gas flowing downward at different excitation densities in 
the presence of a double defect (total width: 15 jum). The gas is injected above the red line (25). At high 
density (A) (117 mW), the fluid is subsonic (Vfioy = 0.25¢,) and flows in a superfluid fashion around the 
defect. At lower densities (B) (36 mW; vjiow = 0.4€,), a turbulent pattern appears in the wake of the defect, 
eventually giving rise to the formation of two oblique dark solitons (C) (vjioy = 0.6C,; 27 mW). (D to F) 
Interferograms corresponding to (A) to (Q), respectively. (G) to (1) show the corresponding degree of first- 
order coherence [g”, see (25)]. Saturated values of g”) are due to the uncertainty in the measurements. 


A 


Fig. 4. Real-space images of the polariton flow around a large defect (17 tm in diameter) at low (A) (k = 
0.2 um") and high (B) (k = 1.1 um~*) injected wave vectors showing, respectively, the formation of a 


soliton doublet and quadruplet. 
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the polariton system arising from the finite life- 
time is responsible for the stabilization of the 
soliton at subsonic speeds. 

Finally, we have explored the possibility of 
going beyond the generation of soliton doublets 
by using a large circular potential barrier (6). 
Figure 4A shows a polariton flow at low momen- 
tum (k = 0.2 um!) injected in a Gaussian spot 
slightly above the obstacle, which nucleates a 
soliton doublet. If the momentum of the flow is 
increased above a certain value, the strong den- 
sity mismatch before and after the defect can gen- 
erate a soliton quadruplet (Fig. 4B, k= 1.1 um). 
In principle, it should be possible to access even 
higher-order solitons by increasing both the ob- 
stacle size and the ratio Vaow/Cs- 

Our results demonstrate the potential of po- 
lariton superfluids for experimental studies of 
quantum hydrodynamics. Both the velocity and 
the density of the quantum fluid can be finely 
controlled by optical means, and simultaneous 
access to the condensate density, phase, and co- 
herence is available from the emitted light. These 
features have been essential in the reported obser- 
vation of hydrodynamic generation of oblique 
solitons in the wake of potential barriers, and offer 
the opportunity to probe more complex phenome- 
na like Andreev reflections (30), nucleation and 
trapping of vortex lattices (24), and quantum 
turbulence (37). 
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Observing the Average 
Trajectories of Single Photons 
in a Two-Slit Interferometer 


Sacha Kocsis,"* Boris Braverman,’* Sylvain Ravets,** Martin J. Stevens,* Richard P. Mirin,* 
L. Krister Shalm,*> Aephraim M. Steinberg’t 


A consequence of the quantum mechanical uncertainty principle is that one may not discuss 

the path or “trajectory” that a quantum particle takes, because any measurement of position 
irrevocably disturbs the momentum, and vice versa. Using weak measurements, however, it is 
possible to operationally define a set of trajectories for an ensemble of quantum particles. We sent 
single photons emitted by a quantum dot through a double-slit interferometer and reconstructed 
these trajectories by performing a weak measurement of the photon momentum, postselected 
according to the result of a strong measurement of photon position in a series of planes. The 
results provide an observationally grounded description of the propagation of subensembles 

of quantum particles in a two-slit interferometer. 


uncertainty principle in quantum mechanics for- 
bids simultaneous knowledge of the precise po- 
sition and velocity of a particle. This makes it 
impossible to determine the trajectory of a single 
quantum particle in the same way as one would 


ticle’s evolution are governed by its position 
and velocity; to simultaneously know the 
particle’s position and velocity is to know its past, 
present, and future. However, the Heisenberg 
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that of classical particle: Any information gained 
about the quantum particle’s position irrevocably 
alters its momentum (and vice versa) in a way that 
is fundamentally uncertain. One consequence is 
that in Young’s double-slit experiment one can- 
not determine through which slit a particle passes 
(position) and still observe interference effects on 
a distant detection screen (equivalent to measur- 
ing the momentum). Particle-like trajectories and 
wavelike interference are “complementary” as- 
pects of the behavior of a quantum system, and 
an experiment designed to observe one neces- 
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Fig. 1. Experimental setup for measuring the average photon trajectories. 
Single photons from an InGaAs quantum dot are split on a 50:50 beam 
splitter and then outcoupled from two collimated fiber couplers that act as 
double slits. A polarizer prepares the photons with a diagonal polarization 
ID) = (IH) + IV)). Quarter waveplates (QWP) and half waveplates (HWP) 
before th Re polarizer allow the number of photons Passing through each slit 
to be varied. The weak measurement is performed by using a 0.7-mm-thick 
piece of calcite with its optic axis at 42° in the x-z plane that rotates the 
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polarization state to Sale '*Hl? IH) + e?i/2|V)). A QWP and a beam dis- 
placer are used to measure the polarization of the photons in the circular 
basis, allowing the weak momentum value k, to be extracted. A cooled CCD 
measures the final x position of the photons. Lenses L1, L2, and L3 allow 
different imaging planes to be measured. The polarization states of the 
photons are represented on the Poincaré sphere, where the six compass points 
correspond to the polarization states |H),IV),|D),IA) = yall) - IV)), IL) = a 
(IH) + ilV)), and IR) = Sell) - ilV)). 
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sarily gives up the option of observing the other 
(J-6). However, it is possible to “weakly” mea- 
sure a system, gaining some information about 
one property without appreciably disturbing the 
future evolution (7); although the information ob- 
tained from any individual measurement is lim- 
ited, averaging over many trials determines an 
accurate mean value for the observable of interest, 
even for subensembles defined by some subse- 


400 


Z coordinate: 3.2m 


Photon counts 


> 


wo Photon counts 


Photon counts 


fo) 


Photon counts 


-5 0 5 
Transverse coordinate [mm] 


Fig. 2. Measured intensities (photon counts) of 
the two circular polarization components of hy), 
measured on the CCD screen (red and blue curves), 
as well as the weak momentum values calculated 
from these intensities (black) for imaging planes at 
(A) z= 3.2 m, (B)z=4.5 m, (C)z=5.6 m, and (D) 
Z=7.7 m. The red and blue data points are the 
intensity data with constant background sub- 
tracted. The errors for the momentum values were 
calculated by simulating the effect of Poissonian 
noise in the photon counts. The magenta curve 
shows momentum values obtained from enforcing 
probability density conservation between adjacent 
Z planes. Because of the coarse-grained averag- 
ing over three imaging planes, the probability- 
conserving momentum values are not as sensitive 
as the measured weak momentum values to high- 
ly localized regions in the pattern with steep mo- 
mentum gradients. 


quent selection (perhaps even on a complementary 
observable). It was recently pointed out (8) that 
this provides a natural way to operationally de- 
fine a set of particle trajectories: One can ascer- 
tain the mean momentum of the subensemble of 
particles that arrive at any given position, and, by 
thus determining the momentum at many posi- 
tions in a series of planes, one can experimentally 
reconstruct a set of average trajectories. We use 
a modified version of this protocol to reconstruct 
the “weak-valued trajectories” followed by single 
photons as they undergo two-slit interference. In 
the case of single-particle quantum mechanics, 
the trajectories measured in this fashion repro- 
duce those predicted in the Bohm—de Broglie 
interpretation of quantum mechanics (9, /0). 
Weak measurements, first proposed 2 decades 
ago (7, 11), have recently attracted widespread 
attention as a powerful tool for investigating fun- 
damental questions in quantum mechanics (/2—/5) 
and have generated excitement for their potential 
applications to enhancing precision measurement 
(16, 17). In a typical von Neumann measure- 
ment, an observable of a system is coupled to a 
measurement apparatus or “pointer” via its mo- 
mentum. This coupling leads to an average shift 
in the pointer position that is proportional to the 
expectation value of the system observable. In a 
“strong” measurement, this shift is large relative 
to the initial uncertainty in pointer position, so 
that significant information is acquired in a single 
shot. However, this implies that the pointer mo- 
mentum must be very uncertain, and it is this 
uncertainty that creates the uncontrollable, irrevers- 
ible disturbance associated with measurement. 
In a “weak” measurement, the pointer shift is 
small and little information can be gained on a 
single shot; but, on the other hand, there may be 
arbitrarily little disturbance imparted to the sys- 
tem. It is possible to subsequently postselect the 
system on a desired final state. Postselecting on 


Fig. 3. The reconstructed 
average trajectories of an 
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a final state allows a particular subensemble to 
be studied, and the mean value obtained from 
repeating the weak measurement many times is 
known as the weak value. Unlike the results of 
strong measurements, weak values are not con- 
strained to lie within the eigenvalue spectrum of 
the observable being measured (7). This has led 
to controversy over the meaning and role of weak 
values, but continuing research has made strides 
in clarifying their interpretation and demonstrat- 
ing a variety of situations in which they are clearly 
useful (16-21). 

In our experiment, we sent an ensemble of 
single photons through a two-slit interferometer 
and performed a weak measurement on each pho- 
ton to gain a small amount of information about 
its momentum, followed by a strong measure- 
ment that postselects the subensemble of pho- 
tons arriving at a particular position [see (22) for 
more details]. We used the polarization degree 
of freedom of the photons as a pointer that 
weakly couples to and measures the momentum 
of the photons. This weak momentum measure- 
ment does not appreciably disturb the system, 
and interference is still observed. The two mea- 
surements must be repeated on a large ensemble 
of particles in order to extract a useful amount 
of information about the system. From this set 
of measurements, we can determine the average 
momentum of the photons reaching any partic- 
ular position in the image plane, and, by repeat- 
ing this procedure in a series of planes, we can 
reconstruct trajectories over that range. In this 
sense, weak measurement finally allows us to 
speak about what happens to an ensemble of 
particles inside an interferometer. 

Our quantum particles are single photons 
emitted by a liquid helium-cooled InGaAs quan- 
tum dot (23, 24) embedded in a GaAs/AlAs mi- 
cropillar cavity. The dot is optically pumped by a 
CW laser at 810 nm and emits single photons at 


ensemble of single photons 


in the double-slit appara- 
tus. The trajectories are re- 
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constructed over the range 
2.75 + 0.05 to 8.2+0.1m 
by using the momentum data 
(black points in Fig. 2) from 
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To reconstruct a set of tra- 
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jectories, we determined the 
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weak momentum values for 
the transverse x positions at 
the initial plane. On the basis 


of this initial position and -6+ 


momentum information, the 
X position on the subsequent 
imaging plane that each 
trajectory lands is calculated, and the measured 
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weak momentum value k, at this point found. This 


process is repeated until the final imaging plane is reached and the trajectories are traced out. If a 
trajectory lands on a point that is not the center of a pixel, then a cubic spline interpolation between 


neighboring momentum values is used. 
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a wavelength 4 of 943 nm. A Hanbury Brown- 
Twiss interferometer is used to measure a second- 
order correlation function g™(0) of 0.17 + 0.04 
(SD), confirming the single-photon nature of the 
dot emission (25). The photons are coupled 
into single-mode fiber and sent through an in- 
fiber 50:50 beam splitter. The outputs of the 
beam splitter exit two fiber launchers as Gaussian 
beams with their waists at the fiber launchers 
and are redirected to be parallel along the z axis 
by mirrored prisms to create the initial “slit func- 
tion” (Fig. 1). The two Gaussian beams have a 
waist 1/e* radius of 0.608 + 0.006 mm and a 
peak-to-peak separation of 4.69 + 0.02 mm. 
The polarization of the photons, which serves 
as the ancilla system for the weak measurement, 
is prepared in the initial state |y) = (1/2) 
(|H) + |V)), where |H) is identified with the x 
axis and |V) with the y axis. 

The weak measurement is accomplished with 
a thin piece of birefringent calcite that changes 
the polarization of the photons passing through 
by introducing a phase shift between the ordinary 
and extraordinary components of polarization. 
The photons diffract out from the slits and im- 
pinge upon the crystal with an incident angle @ 
that depends on their transverse momentum k, 
(where the momentum of a photon is p = /ik). 
By orienting the calcite’s optic axis to lie in the 
x-z plane, |H) becomes the extraordinary polar- 
ization that encounters an angle-dependent index 
of refraction, ,(0), and |V) becomes the ordinary 
polarization that encounters a constant index of 
refraction, 15. The calcite piece is 0.7 mm thick 
with its optic axis in the x-z plane at 42° to the z 
axis and imparts a small k,-dependent birefringent 
phase shift that transforms the incident linear 
polarization state of the photons to a slightly el- 
liptical polarization state. In this way, we carry 
out a measurement of the momentum with the po- 
larization serving as a pointer that records the 
value of this observable. By arranging for the 
magnitude of the polarization rotation to be small 
with respect to the uncertainty in the photons’ 
polarization, we ensure that the measurement is 
weak. No single measurement provides unambig- 
uous information about the exact propagation 
direction, and hence no significant measurement 
disturbance is introduced. After averaging the re- 
sults over many photons, it becomes possible to 
extract the average value of photon momentum. 

The birefringent phase shift (x,) that the 
photons receive depends on the different paths 
and indices of refraction for the two polariza- 
tions in the calcite (26). The spread of the angles 
of the diffracting photons passing through cal- 
cite is small, allowing us to approximate the in- 
duced birefringent phase shift p(k.) as a linear 
function of k,: 


ky 
(kx) = Sa 7+ Po 


iki (1) 


The coefficient € designates the coupling 
strength between the phase we are measuring 


3 JUNE 2011 


and the photon momentum, and its value was 
found to be 373.5 + 3.4 (22). The calcite is tilted 
in the x-z plane to tune @p = 0 modulo 27. 

A system of three cylindrical lenses, with the 
middle lens translatable in the z direction, allows 
the initial slit function to be imaged over an 
arbitrary distance. It is important to note that the 
thin calcite crystal performing the weak measure- 
ment remains fixed in place before the lenses. 
This does not affect the outcome of the final 
postselection at the various imaging planes along 
z as the interaction Hamiltonian between the 
polarization pointer and the photon’s transverse 
momentum commutes with the free-progagation 
Hamiltonian of the system. The trajectories were 
reconstructed over the range 2.75 + 0.05 to 8.2 + 
0.1 m to show the transition from the near-field 
to far-field intensity distribution. The polarization 
state of each photon is projected into the circular 
basis by using a quarter waveplate with its fast 
axis set to —45° to x, located in front of the lens 
system, and a polarizing beam displacer located 
behind the lenses. The beam displacer transmits 
the right-hand circularly polarized component of 
fw) undeviated and displaces the left-hand cir- 
cularly polarized component of |y) vertically by 
about 2 mm. The photons are then detected on a 
cooled charge-coupled device (CCD). The expo- 
sure time on the CCD was set to 15 s, allowing 
the two vertically separated interference patterns 
to accumulate. During each exposure, about 
31,000 single photons were detected by the CCD. 
By projecting into the circular basis, the mo- 
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mentum information encoded in polarization is 
transformed into an intensity modulation between 
the two vertically displaced patterns. The inten- 
sity of the top pattern (corresponding to the pro- 
jection onto the right-hand circular polarization) 
is fg & [1 + sine(k,)], whereas the intensity of 
the bottom pattern (corresponding to the projec- 
tion on to the left-hand circular polarization) goes 
as i, [1 — sing&,)]. In the measured inter- 
ference patterns at four different imaging planes 
(Fig. 2), the pixel on the CCD where each pho- 
ton is detected corresponds to the photon’s x 
position. The 26-4m pixel width sets the pre- 
cision with which the photon’s x position can be 
measured. 

By using Eq. 1, we can simultaneously ex- 
tract the weak value of the transverse compo- 
nent of the photon wave vector k, at each pixel 


position 

kd E 41 e = +)] 

—=-7|sin 

lk] ¢ Ip +I 

Thus for each value of the photon’s position 

x, we are able to calculate the weak value of its 
transverse momentum k, by taking the difference 
in modulated intensity between the two vertically 
displaced patterns at the same imaging plane 
along the z axis. The weak momentum values 
for four different imaging planes calculated in 
this way are shown in Fig. 2. By repeating the 
measurement for many imaging planes closely 
spaced along z, a vector field is produced from 
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Fig. 4. The trajectories from Fig. 3 plotted on top of the measured probability density distribution. Even 
though the trajectories were reconstructed by using only local knowledge, they reproduce the global 


propagation behavior of the interference pattern. 
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which the weak-valued photon trajectories are 
reconstructed. 

For the experimentally reconstructed trajecto- 
ries for our double slit (Fig. 3), it is worth stress- 
ing that photons are not constrained to follow 
these precise trajectories; the exact trajectory of 
an individual quantum particle is not a well- 
defined concept. Rather, these trajectories rep- 
resent the average behavior of the ensemble of 
photons when the weakly measured momentum 
in each plane is recorded contingent upon the 
final position at which a photon is observed. The 
trajectories resemble a hydrodynamic flow with a 
central line of symmetry clearly visible: Trajec- 
tories originating from one slit do not cross the 
central line of symmetry into the opposite side of 
the interference pattern. Trajectories at the edges 
of bright fringes tend to cross over to join more 
central bright fringes, thus generating the ob- 
served intensity distribution because of interfer- 
ence. The trajectories cross over dark fringes at 
relatively steep angles; there is a low probability 
of finding a photon in these regions that cor- 
respond to postselecting on a state nearly or- 
thogonal to the initial state of the system. The 
separation of the imaging planes sets the scale 
over which features in the trajectories can be 
observed. The evolution of the interference in 
our double-slit apparatus takes place over a scale 
that is much longer than the separation between 
imaging planes, and our trajectories can accu- 
rately track the evolution of this interference. The 
one place where the accuracy can suffer is when 
a trajectory quickly passes through a dark fringe; 
here the fine scale behavior is smaller than the 
spacing between imaging planes. By overlaying 
the trajectories on top of the measured intensity 
distribution (Fig. 4), we observe that the trajec- 
tories reproduce the global interference pattern 
well. The tendency of the reconstructed trajecto- 
ries to “bunch” together within each bright in- 
terference fringe is an artifact of measurement 
noise with the position error accumulating as the 


trajectory reconstruction is carried out further 
and further from the initial plane at z = 2.75 m. 
Single-particle trajectories measured in this fash- 
ion reproduce those predicted by the Bohm—de 
Broglie interpretation of quantum mechanics (8), 
although the reconstruction is in no way depen- 
dent on a choice of interpretation. 

Controversy surrounding the role of mea- 
surement in quantum mechanics is as old as the 
quantum theory itself, and nowhere have the 
paradoxes been thrown into such stark relief as 
in the context of the double-slit experiment. Our 
experimentally observed trajectories provide an 
intuitive picture of the way in which a single par- 
ticle interferes with itself. It is of course impos- 
sible to rigorously discuss the trajectory of an 
individual particle, but in a well-defined opera- 
tional sense we gain information about the aver- 
age momentum of the particle at each position 
within the interferometer, leading to a set of “av- 
erage trajectories.” The exact interpretation of 
these observed trajectories will require continued 
investigation, but these weak-measurement results 
can be grounded in experimental measurements 
that promise to elucidate a broad range of quan- 
tum phenomena (7, //—13, 15-17). By using the 
power of weak measurements, we are able to pro- 
vide a new perspective on the double-slit experi- 
ment, which Feynman famously considered to 
have in it “the heart of quantum mechanics” (27). 
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Spin-Liquid Ground State of the S = 1/2 
Kagome Heisenberg Antiferromagnet 


Simeng Yan,* David A. Huse,”? Steven R. White?* 


We use the density matrix renormalization group to perform accurate calculations of the ground 
state of the nearest-neighbor quantum spin S = 1/2 Heisenberg antiferromagnet on the kagome 
lattice. We study this model on numerous long cylinders with circumferences up to 12 lattice 
spacings. Through a combination of very-low-energy and small finite-size effects, our results 

provide strong evidence that, for the infinite two-dimensional system, the ground state of this 


model is a fully gapped spin liquid. 


e consider the quantum spin S = 1/2 
kagome Heisenberg antiferromagnet 
(KHA) with only nearest-neighbor 
isotropic exchange interactions (Hamiltonian 
H = 5S, -Si, where §, and 5; are the spin 
operators for sites i and j, respectively) on a kagome 


lattice (Fig. 1A). This frustrated spin system has 
long been thought to be an ideal candidate for a 
simple, physically realistic model that shows a 
spin-liquid ground state (/—3). A spin liquid is a 
magnetic system that has “melted” in its ground 
state because of quantum fluctuations, so it has 


no spontaneously broken symmetries (4). A key 
problem in searching for spin liquids in two- 
dimensional (2D) models is that there are no ex- 
act or nearly exact analytical or computational 
methods to solve infinite 2D quantum lattice sys- 
tems. For 1D systems, the density matrix renor- 
malization group (DMRG) (5, 6), the method we 
use here, serves in this capacity. In addition to 
its interest as an important topic in quantum mag- 
netism, the search for spin liquids thus serves 
as a test-bed for the development of accurate and 
widely applicable computational methods for 
2D many-body quantum systems. 
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The KHA has been studied with approxi- 
mate approaches for decades (/), with proposals 
for spin-liquid and valence-bond-crystal (VBC) 
ground states (2, 3). In the past few years, nu- 
merical evidence had suggested that the KHA 
ground state might be a VBC with a 36-site unit 
cell of bonds with spatially nonuniform spin-spin 
correlations in the ground state that break the 
translational symmetry of the kagome lattice. 
First proposed in (2), and explored in more detail 
in (7), this honeycomb VBC (HVBC) was also 
studied with a perturbative series expansion (8, 9). 
The series for the ground-state energy rapidly 
converges to a low energy (8, 9). Subsequently, 
Evenbly and Vidal (/0) used the multiscale en- 
tanglement renormalization ansatz (MERA), ob- 
taining the HVBC and an energy close to the series 
result. Another approximate numerical approach 
based on an effective quantum dimer model also 
yielded the HVBC as the ground state, but noted 
that a Z) spin liquid is close by in a generalized 
parameter space (//). A recent DMRG study (/2), 
in contrast, found a spin-liquid ground state, but 
on the largest lattices the energy obtained was sub- 
stantially above that of the HVBC, suggesting 
that the method had not found the true ground 
state. The simple KHA is clearly near a number of 
different possible ground-state phases upon add- 
ing small perturbations to its Hamiltonian [such 
as a second-neighbor exchange interaction (/3)], 
and it is this proximity of many competing states 
that has made this such a challenging system. A 
variational state that may serve as a multicrit- 
ical state between all these possible ground-state 
phases is the critical gapless spin liquid of (/4). 

We performed an extensive DMRG study 
of the KHA with important differences in tech- 
nique from the previous study. Most important- 
ly, we studied long cylinders with open ends, 
thus avoiding fully periodic (toroidal) boundary 
conditions, which are known to greatly magnify 
the truncation errors in the DMRG (6). We also 
show why the series expansions appear to con- 
verge well, yet reach the incorrect HVBC state: 
The path connecting the series expansion start- 
ing point and the KHA is interrupted by a first- 
order phase transition (/5). For details on the 
competition between the spin liquid and HVBC 
states, see figs. S1 to S3. 

DMRG efficiently finds the ground state for 
long 1D systems, but for 2D systems one must 
study cylinders or strips of limited width. We 
studied mostly cylinders with a maximum circum- 
ference of 12 lattice spacings, obtaining ground- 
state energies with uncertainties of less than 0.1%, 
with much higher accuracy for the narrower cyl- 
inders. We labeled the cylinders by their orien- 
tation, circumference, and any shift in wrapping 
the cylinder periodically (Fig. 1A) (/5). For ex- 
ample, “YC9-2” denotes a cylinder (C) with some 
of the bonds oriented in the y direction (Y), with 
circumference of nine lattice spacings and a shift 
of two columns when connected periodically. We 
estimate the energy per site for each type of in- 
finitely long cylinder by subtracting energies of 
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cylinders of different length to remove end 
effects. 

Our DMRG results for ground-state energies, 
along with results from other approaches, are 
shown in Fig. 1B. The DMRG energies are con- 
sistent with the Lanczos results (/6, 17) and well 
below the energies of MERA (/0) and the series 
expansion for the HVBC (8, 9). The previous 
DMRG result (/2) is close to the true ground 
state (/7) for a torus with a circumference of six 
(circumference-6) lattice spacings. The entangle- 
ment across a cut that separates a circumference- 
six torus into two parts is roughly the same as that 
across a cut that separates a circumference-12 
cylinder—our current limit. Thus, it is not sur- 
prising that the DMRG energies for tori (/2) are 
overestimates for circumferences larger than six 
lattice spacings. We also obtain a new rigorous 
upper bound on the ground-state energy of the 
infinite 2D system using the DMRG on strips 
with open boundary conditions (/5); this is well 
below the previous bound from MERA (0). 

The 36-site unit cell of the HVBC does fit on 
the XC8 cylinder (1/c = 0.14, where c is the cir- 
cumference), allowing a direct comparison be- 
tween the HVBC series and our DMRG: the 
DMRG energy is lower by 0.004(1). Comparing 
this cylinder to the corresponding torus, the en- 
ergy shows strong finite-size effects in the HVBC 
series (8, 9), but the same comparison between 
Lanezos (/6) and our DMRG shows that the true 
finite-size effect is much smaller (/5). These 
finite-size effects remain small for even smaller 
circumferences (/7). This is consistent with the 
small correlation length that we find: less than 
1.5 lattice spacings (15). We conclude that the 
ground-state energies of our widest cylinders 


-0.43 


have minimal finite-size effects and thus provide 
reliable estimates of the 2D energy. 

The ground state that we find has only short- 
range correlations, with a nonzero energy gap 
for any excitations, including spin-singlet excita- 
tions. We have tested the response of this ground 
state to many sorts of perturbations that would 
select out ordered states, if they exist, without 
detecting any signs of any ordering. Thus, we con- 
clude that the ground state is a gapped spin liquid. 
Such a state can be represented as some sort of 
short-range resonating—valence-bond (RVB) state 
(18-24). The shortest resonant loops of singlet 
dimers in a nearest-neighbor RVB state on a 
kagome lattice each surround only one hexagon of 
the lattice (7). Ifthe RVB state had all dimer covers 
equally weighted, all 32 of these elementary res- 
onant loops would be equally present. Instead, the 
ground state appears to substantially overemphasize 
certain eight-site loops of a diamond shape (Fig. 
2B). To test the response of the ground state to 
enhancing each of these 32 elementary resonant 
loops, we slightly increased the exchange cou- 
plings along the bonds of such a loop at the center 
of a YC8 cylinder and measured how much this 
enhanced the spin-spin correlations along the 
loop and elsewhere. It is the eight-site diamond 
loop that elicits the strongest response (Fig. 2B). 
The six-site “perfect hexagon” loop (Fig. 2A) 
(2, 7, 8), shows a much smaller response, sug- 
gesting that this resonant loop is actually under- 
weighted in the ground state. 

One cannot tile a kagome lattice with just 
these favored resonant diamonds. However, a 
particular “diamond-pattern” VBC (Fig. 2C), ap- 


pears to be closely related to the spin liquid, and it 
is useful to think of the spin liquid as a melted 
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Fig. 1. (A) A section of kagome lattice. The frustration is indicated by the spins shown on one triangle. To 
make a cylinder the top (a) is connected to the bottom (b) by the dotted bonds indicated; this example 
makes cylinder YC6 (15). To make a torus, similarly connect sides c and d. (B) Comparison of energies per 
site for various lattices and methods. For cylinders, the horizontal axis is the inverse circumference in units 
of inverse lattice spacings. For tori (12, 16, 17), the smallest circumference is used. The MERA (10) and our 
DMRG upper bound (25) results apply directly to an infinite 2D system, as does the series HVBC result (8, 9) 
on the axis. Error bars indicate estimated uncertainties. 
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state of this crystal. We have measured the cor- 
relation length for VBC energy correlations in 
this diamond pattern along cylinder YC8 and 
find that it is less than 1.5 lattice spacings (/5). 
Unlike the HVBC, which shows a first-order 
phase transition to the spin liquid (/5), this dia- 
mond VBC evolves smoothly into the spin liquid 
without any phase transition as one changes the 
strengths of the exchanges that are altered to 
favor it (we call this “pinning it,” Fig. 2C). For 
the even cylinders on which this diamond VBC 
does fit, this process allows a careful production 
of the spin liquid by approaching it in a smooth 
fashion from the diamond VBC (/5). 

The infinitely long cylinders may be viewed 
as one-dimensional systems with a unit cell con- 
taining N, spins. Even-N, cylinders (e.g., N. = 12 
for YC8) are compatible with the diamond VBC, 
and the ground state of the infinite cylinder ap- 
pears to be nondegenerate. Odd-N, cylinders are 
not compatible with the diamond VBC, and the 
Lieb-Schultz-Mattis theorem implies that the 
ground state must be degenerate (25). Ground 
states on these odd cylinders weakly break transla- 
tional invariance, spontaneously doubling the unit 
cell, which produces a pair of degenerate ground 
states, still with a gap to higher excited singlet 
states. The symmetry breaking is in a “striped” 
pattern (Fig. 3). For YC6 and YC10, the stripes 
run around the circumference, whereas for the 
other odd spiral cylinders the stripes are spirals. 

The ends of our cylinders may have low-lying 
states below the bulk singlet and triplet gaps. The 
following DMRG procedure avoids these edge 
states: First target only one state, and sweep 
enough to obtain a high-accuracy ground state. 
Then restrict the range of bonds that are updated 
in the DMRG sweeps to the central half of the 
sample and target the two lowest-energy states, 
again sweeping to high accuracy, but keeping the 
end regions of the samples locally in the ground 
state. This technique is particularly important for 
obtaining the singlet gap. For the triplet gap, one 
can also keep the excitation away from the ends 
with local magnetic fields. With this approach, 
we can target both states together—one with total 
S, = 0 and the other with S, = 1—or run them 
separately. These different approaches allowed 
for fairly independent checks on the results. 
Figure 4 shows the measured bulk gaps. Gaps 
are more demanding than ground-state energies, 


Fig. 2. Response of the spin 
liquid to small perturbations on 
cylinder YC8. In each case, cer- 
tain bonds have been strength- 
ened: (A) a six-site hexagon by 
1%, (B) an eight-site diamond 


so we do not have gap estimates for our widest 
cylinder (/5). See table S1 for energies and gaps 
of all the cylinders studied. 

The singlet gap is 0.050, within the errors, for 
the even XC8 and YC8 cylinders, and it remains 
near this value for the wider even XC12-2 cyl- 
inder. The odd cylinders come in at least two 
families: YC6 and YC10 are not spirals, whereas 
YC5-2, YC7-2, and YC9-2 are a series of spirals 
with increasing circumference. In each of these 
(small) families of odd cylinders, the singlet gap 
increases as the circumference increases, support- 
ing our conclusion that the singlet gap is ~0.05 
in the 2D limit. This is quite different from the 
exact diagonalization results, where there are 
many lower-lying singlets, and the lowest singlet 
gap is only ~0.01 on the standard 36-site torus 
(26). The singlet gap is a strong function of a 
second-neighbor exchange coupling (J2) (13), 
with an apparent phase transition at a very small 
ferromagnetic value of J>. The location of this 
nearby transition is quite sensitive to circumfer- 
ences, and this produces the large differences in 
the singlet gap between the torus and our cylinders. 

The triplet (spin) gap on the 36-site torus is 
0.164 from exact diagonalization (26). Although 
XC8 and YC8 have gaps that are quite close to 
this, our results on other cylinders suggest that 
the 2D triplet gap is smaller (Fig. 4). The triplet 
excitations are composed of two spinons, but we 
cannot resolve whether or not the two spinons 
bind, although in some cylinders any binding 
must be very weak. This composite nature of the 
excitation seems to make the finite-size effects 
and variation between the cylinders more pro- 
nounced. We do not yet understand the details of 
these effects. As for the singlet gap, the spiral odd 
cylinders have the smallest triplet gaps, and the 
even cylinders the largest. The triplet gap remains 
above the singlet gap in all the systems we have 
studied; thus, we believe it remains nonzero in 
the 2D limit. 

A nearest-neighbor RVB wave function is a 
linear combination of nearest-neighbor singlet 
dimers covering the kagome lattice (24). For a 
kagome lattice wrapped on a cylinder, such dimer 
covers are in two topologically distinct sectors that 
differ by a Z, winding number, and dimer reso- 
nances on finite loops do not change this winding 
number (/9, 20, 22-24). We can force our even 
cylinders to have one or the other of the two 


by 1%, and (C) the wide strong ——= 100, 
and weak vertical bonds (12 of joe 001, 
each are shown) by +0.5%. Line 


widths indicate subtracted bond spin-spin correlations, KS; : 5) — ql, with dashed lines indicating that 
the quantity is positive. Here, a signifies bond direction, and the approximate unperturbed bond cor- 
relations are e,, = —0.223 for horizontal bonds and —0.217 for diagonal. Note the different scales used: 
the response increases strongly from (A) to (B) to (C). Surrounding dimers arise in response to the diamond 
pinning in (B), and diamonds arise in response to dimer pinning in (C). 
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winding numbers by choosing how many spins 
to leave at each end. For a finite circumference c, 
these two sectors have different ground-state 
energies (£) per site; for YC8, their difference 
is 6E ~ 0.00069(3). For odd cylinders, the two 
sectors are related by translation along the length 
of the cylinder and, thus, are degenerate. If an 
even cylinder is topologically ordered, one ex- 
pects 8E ~ exp(—c/€) (where € is a correlation 
length ) at large c, but we do not yet have re- 
liable 5£ results for larger cylinders to test this 
hypothesis. This is partly because the singlet 
gap above the ground state in the higher-energy 
sector is substantially smaller than the singlet gap 
above the overall ground state, slowing DMRG’s 
convergence. 

A domain wall along the cylinder where the 
Z> winding number changes is a spinon. For the 
odd cylinders, the degeneracy of the two sectors 
means the spinons are unconfined. However, two 
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Fig. 3. Ground-state energy pattern for a YC9-2 
cylinder. The colors of the triangles and their in- 
tensities indicate the deviation of the sum of the 
spin-spin correlations on the three bonds forming 
the triangle from 3ep, with eg = -0.219. 
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Fig. 4. Spin triplet (solid symbols) and singlet (hol- 
low symbols) gaps for various cylinders with circum- 
ferences c. The type of cylinder (25) is indicated in 
the key (inset). 
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spinons might bind with a finite binding energy — 
it appears that this might be happening on cyl- 
inder YC10 and, thus, it might also occur in the 
2D limit. For the even cylinders, on the other hand, 
the spinons are confined by an effective potential 
that grows linearly with the distance, because 
the domain between them is in the higher-energy 
sector. As a result, the excitation across the spin 
gap for the even cylinders is a bound spinon pair. 
It remains to be determined if they remain bound 
in the 2D limit. 

Much remains to be understood concerning 
the low-energy behavior of the KHA, particularly 
the detailed structure, exchange statistics, and dis- 
persion relations of the various excitations. It will 
be instructive to also explore the phase diagram 
in the vicinity of this simple nearest-neighbor— 
only Heisenberg model by changing the Hamil- 
tonian in various ways (/3) to find what other 
phases are nearby and perhaps to move “deep- 
er” into this spin liquid where it might be easier 
to study. 
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Artificial crystal lattices can be used to tune repulsive Coulomb interactions between electrons. 
We trapped electrons, confined as a two-dimensional gas in a gallium arsenide quantum 

well, in a nanofabricated lattice with honeycomb geometry. We probed the excitation spectrum 
in a magnetic field, identifying collective modes that emerged from the Coulomb interaction in 
the artificial lattice, as predicted by the Mott-Hubbard model. These observations allow us to 
determine the Hubbard gap and suggest the existence of a Coulomb-driven ground state. 


he conduction electrons of a crystal ex- 

| perience the potential created by a period- 

ic arrangement of coupled quantum units 

(such as ions and atoms). Numerous properties of 
solids can be explained in terms of Bloch bands 
(J), neglecting Coulomb interactions between elec- 
trons. These interactions often lead to qualitative 
changes that are particularly pronounced in solids 
with narrow energy bands (2-4). These strongly 
correlated materials display exotic ordering 
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phenomena and metal-insulator phase transitions 
(3, 4). Mott showed (5) that interaction-induced 
insulators are better described in real space (rath- 
er than in momentum space), in which the solid is 
viewed as a collection of localized electrons bound 
to atoms with partially filled shells. Electrons hop- 
ping through the lattice are absorbed and emitted 
from the atoms, thus originating two bands, which 
are split by the energy cost of having two electrons 
with antiparallel spin on the same atomic site. 

Hubbard subsequently introduced a model 
Hamiltonian with onsite interactions that displays 
split bands (Hubbard bands, or HBs) in the strong- 
ly correlated (or atomic) limit (6). HBs (and their 
coexistence with quasiparticle bands in the cor- 
related metallic phase) are characteristic features 
of such strongly correlated systems. Fermions on 
a honeycomb lattice, in particular, have been pre- 
dicted to display unusual correlated phases of 
matter such as topological Mott insulating (7) 
and quantum spin liquid phases (8). 

The creation of artificial systems with a 
high degree of tunability offers a way to explore 
Mott-Hubbard (M-H) physics systematically 


(9, 10). Here we report the creation of an artifi- 
cial lattice with honeycomb geometry for trap- 
ping electrons, and we demonstrate the formation 
of HBs through strong correlations. We nano- 
fabricated the artificial lattice on the surface of 
a gallium arsenide (GaAs) heterostructure that 
hosts a high-quality two-dimensional electron gas 
(2DEG) (//—13). Similar nanostructures have 
been studied in the past in the context of the 
Hofstadter’s fractal energy spectrum (/4, 15). We 
probed the electron excitation spectrum by in- 
elastic light-scattering and observed signatures 
stemming from strong Coulomb interactions, 
which we could tune by applying an external mag- 
netic field. Carriers in the patterned structures 
supported an unusual collective mode; its energy 
scales like \/B, where B is the component of the 
magnetic field perpendicular to the 2DEG. A 
theoretical analysis based on a minimal Hubbard 
model reveals that the mode energy is determined 
by the onsite Coulomb interaction and represents 
direct evidence of the existence of HBs in the 
2DEG subjected to the artificial lattice. At low 
temperatures and large B fields, we found evi- 
dence for the opening of an unexpected gap in the 
spin excitation spectrum. We argue that the ob- 
served gap reveals the occurrence of a new cor- 
related phase of electrons in a honeycomb lattice 
akin to one of those discussed in the context of 
graphene in high magnetic fields (/6—/8). These 
findings pave the way for the possibility to ex- 
plore graphene-like physics in the ultrahigh mag- 
netic field limit, in which the magnetic length is 
smaller than the lattice constant of the artificial 
crystal—a regime not accessible in graphene. 
The sample used in this study was the host of 
a 2DEG in a 25-nm-wide, one-side modulation- 
doped Alp 1}Gao,9As/GaAs quantum well. The pro- 
cedures for nanofabricating the artificial lattice 
are detailed in (//, 19, 20). The artificial honey- 
comb lattice extended over a 100-4m—by—100-um 
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square region with a lattice constant a ~ 130 nm 
(Fig. 1A). We denote by Vo the amplitude of the 
artificial lattice potential. Here we focus on a 
sample with an estimated (12) Vo ~ 4 meV and 
electron density after processing n, ~ 3 x 10!° 
to 4 x 10'° cm? corresponding to an average 
number of eight electrons per site. The inelastic 
light-scattering experiments were performed in 
a backscattering configuration (Fig. 1B) in the 
temperature range from 50 mK to 4 K. The light- 
scattering technique gives direct access to the 
collective modes of the system that manifest as 
sharp peaks in the intensity of the scattered light 


at a given energy shift from the laser energy. Res- 
onant enhancement of the light-scattering cross 
section occurs as the incident laser energy is 
scanned across an interband transition of the host 
GaAs semiconductor (20). 

The nanostructured 2DEG displays well- 
resolved quantum Hall signatures below 3 T, with 
the honeycomb potential manifesting itself in a 
modulation of the magnetoresistivity periodic in 
B (12). At higher fields, an increase in the lon- 
gitudinal resistivity signals a crossover to a re- 
gime of suppressed intersite hopping in which 
collective modes emerge. 
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Fig. 1. (A) Scanning electron microscopy (SEM) image of the semiconductor artificial lattice. An 
expanded view of the SEM image showing a single honeycomb cell (2r ~ 60 nm, a ~ 130 nm) is shown at 
middle right. The 2DEG is positioned 170 nm below the surface with a low-temperature mobility of 2.7 x 
10° cm?/(Vs). A cartoon of the two-dimensional potential trap for electrons induced by the nanofabricated 
pillar at the surface is shown at far right (arrow). (B) Geometry of the light-scattering experiment: «,,; 
labels the incident (scattered) photon energy and © = 5° is the tilt angle. (C) Resonant inelastic light- 
scattering spectra showing the cyclotron mode and the new low-lying collective mode at B = 5.48 T and 
T = 1.7 K. (D) Evolution of the energies of the cyclotron mode (black circles) and of the new collective 
mode at frequencies wg (red squares) at T= 1.7 K. The black dashed line is a linear fit to the data using 
ho, = heB/(m*c). We find m* = 0.067 m, with m, the bare electron mass, in agreement with the bulk 
GaAs value. The red dashed line is a fit with Awyg = oV/BIT] and o ~ 2 meV. 


Fig. 2. (A) A cartoon of the spectral function A(w) of the pat- 
terned (orange) and unpatterned (black) 2DEG. The Landau 
level peaks at , = @-(n + 1/2) are split by onsite Coulomb interactions into Hubbard lower and upper 
peaks, which are separated by U ~ e“/Iz, where lg = V/ic/eB is the magnetic length. (B) The relevant 
electronic process that contributes to the Raman scattering cross section. The initial state is labeled by |1), 
the final state by |2), and the intermediate state with one hole and an extra electron is labeled by In). The 
final excited state is separated from the ground state by the Hubbard charge gap U; that is, by the energy 
cost of having two antiparallel spin electrons on the same site. In the intermediate state, we have also 
depicted the absorbed (at frequency «,) and emitted (at frequency ws) photons. The square wells denote 
two neighboring minima of the artificial-lattice potential. The core levels are not shown. The green areas 
denote valence-band electrons, which are assumed to be unaffected by the periodic modulation. 
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In addition to the ordinary cyclotron mode 
(black curve in Fig. 1C and black circles in Fig. 
1D) at energy ho, = heB/(m*c), m* being the 
GaAs electron effective mass (2/), the light- 
scattering spectra display an additional mode at 
lower energies (red curve in Fig. 1C), whose 
collective character is reflected in the sharpness 
and intensity of the light-scattering peak (22, 23). 
The surprising sublinear dependence of the 
energy of this mode on B is shown in Fig. 1D 
(red squares). 

We identified the sublinear collective mode as 

a Hubbard mode: an excitation across split HBs. 
In the simplest scenario, this excitation emerges 
within the single-band Hubbard model (3, 4, 6) 
that assumes a maximum concentration of two 
electrons per site. We proceeded by first evaluat- 
ing the M-H excitation gap as a function of B and 
then showing that it weakly depends on electron 
concentration, consistent with the experimental 
data presented below. Similar conclusions can be 
reached by using multiband generalizations of 
the Hubbard model (20). 
The single-band Hubbard Hamiltonian en- 
codes a competition between two energy scales: 
the kinetic energy ¢, which measures the overlap 
between electronic wave functions on neighbor- 
ing lattice sites, and the interaction energy U, 
which measures the strength of the onsite Cou- 
lomb repulsion between two electrons 


=-tY cfg + eoL Mi + Uy niyni (1) 
Gi) 


Here the operator c;" (c;) creates (destroys) an 
electron at site 7 (the sum in the first term is over 
all pairs of nearest-neighbor sites), and nj = cj ¢; 
is the local number operator; €9 denotes the en- 
ergy of the single state that is available at each 
site i: This can be either empty, singly, or doubly 
occupied. In writing Eq. 1, we have neglected 
first-neighbor (intersite) interactions. In the atomic, 
strongly correlated limit U >> t, two split HBs 
emerge out of a single narrow band (6). More 
precisely, this means that for U >> 1, the spectral 
function (that is, the tunneling density of states 
A(q) of the model described by Eq. 1) devel- 
ops two peaks, one at Aw = eo and one at 
ho = €9 + U. The emergence of HBs when the 
ratio U/t increases from the weakly to the strong- 
ly correlated regime is accurately described by 
dynamical mean-field theory (2-4). 

In the experiments, the strongly correlated 
regime U>> t is achieved when B quenches the 
hopping amplitude ¢ and increases the interaction 
energy U. The Hubbard-U interaction scale can 
be written in terms of localized Wannier func- 
tions @(r) as 


U = Ja rf? r'|6(r)/? Voo(|e - ¥'|)0(')|? (2) 


where V..(r) = e?/(er) is the long-range Cou- 
lomb interaction, with ¢ an effective dielectric con- 
stant. In the atomic limit, the Wannier functions 
can be roughly approximated by a zero—angular- 
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momentum wavefunction in the symmetric gauge, 
o(r) = nk)? exp(-r2/(422)], where Jp = 

hic/eB is the magnetic length. Simple algebraic 
manipulations on Eq. 2 yield 


ne 


Uy 3 
4elp (3) 


implying that, at least asymptotically, U grows 
proportionally to \/B. Microscopic details such as 
the precise shape of the confinement potential or 
the geometry of the lattice might affect the result in 
Eq. 3 quantitatively but not qualitatively: The 
scaling © VB is robust in the asymptotic limit 
13 << 2r, where 2r is the width of the potential 
minima of the artificial lattice (Fig. 1A). 

The function A(@) in a B field is pictorially 
illustrated in red in Fig. 2A. As a comparison, the 
black dashed line labels A(@) for an unpatterned 
2DEG: We distinguish the usual Landau-level 
peaks at frequencies @, = @,.(n + 1/2) with in- 
teger n. In the nanopattemed sample, these peaks 
are split into upper and lower Hubbard peaks by 
strong interactions. In this cartoon, the measured 
cyclotron mode at ,°B is an inter—Landau- 
level excitation. The measured sublinear mode 
seen in Fig. 1, instead, can be neatly explained as 
an intra—Landau-level excitation, which lies at a fre- 
quency 43 = U/h © \/B, between interaction- 
induced Hubbard peaks (24, 25). 

After fitting the data labeled by red squares in 
Fig. 1D with the simple functional form /@yp = 
a,/ BT], we found that o was ~2 meV, thereby 
providing a direct measurement of the Hubbard-U’ 
onsite energy scale for our nanopatterned 2DEG. 
The measured U is by a factor of 2 smaller than the 
value extracted from Eq. 3 with the high-frequency 
GaAs dielectric constant € = 13. In Fig. 2B, we 
illustrate a possible two-photon process that contrib- 
utes to the scattering cross section of the HB col- 
lective mode. The calculated scattering cross section 
decays exponentially for sufficiently large values of 
B (20). In Fig. 3 we report the resonant inelastic 
light-scattering spectra of the Hubbard mode as a 
function of external parameters. Figure 3A shows 
that, in contrast to the cyclotron mode, the intensity 
of the Hubbard mode increased up to B = 5.5 T and 
then collapsed exponentially at higher fields, in 
agreement with the theoretical prediction. 

The Hubbard mode energy exhibited a rather 
weak dependence on electron concentration (Fig. 
3B); we decreased the electron concentration using 
a photodepletion technique (20). In the atomic 
limit, the dependence of the M-H gap A@yp, on 
electron concentration is indeed a small effect, 
of the first order in the parameter #/U. In the limit 
of vanishing electron concentration, the strength 
of the transition between the two HBs also van- 
ishes because there are no available states in the 
upper HB (20). This finding is in agreement with 
the large dependence of the intensity of the Hubbard 
mode on electron density reported in Fig. 3B. 
Finally, the Hubbard mode displays a large sen- 
sitivity to temperature changes (Fig. 3C) and dis- 
appears near 5 K. 
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We now focus on the low-energy portion of 
the excitation spectra, i@ < 1 meV, which in 
ordinary 2DEGs is characterized by the spin- 
wave (SW) mode—a spin-flip excitation across 
the spin gap that, at long wavelength, occurs at 
the bare Zeeman energy giz Br, where 1g is the 
Bohr magneton, g is the Landé gyromagnetic 


factor, and By = /8; + B? is the total magnetic 


field (Fig. 1B). The inset to Fig. 4 shows a rep- 
resentative result at By = 5.5 T. The SW mode 
was visible at energies near 0.15 meV. The SW 
energy versus total field is reported in Fig. 4 as 
black circles. The spin mode was not visible be- 
low Br =3 T. 

The inset to Fig. 4 displays an additional 
strong and sharp mode above the SW, which has 
no counterpart in an unpatterned 2DEG. The 
energy dependence of this mode is shown in Fig. 
4 as red triangles. The splitting A of this mode 
from the SW (black squares) occurs above a 


threshold B value and depends on the perpendic- 
ular magnetic field only, a fact that underlines the 
pivotal role of electron-electron interactions. The 
two modes disappear at temperatures approach- 
ing | K. The observation of a spin doublet sug- 
gests the occurrence of a correlated state with a 
gap A. Different types of Coulomb-driven broken- 
symmetry scenarios have been proposed in the con- 
text of graphene at large magnetic fields (26-31) 
and linked to observations of gap openings in 
magneto-transport experiments (/6—/8). One of 
these scenarios (28) predicts a splitting of the SW 
mode similar to what we saw in our experiment 
(32) associated to the occurrence of lattice-scale 
order in the honeycomb lattice. 

In the case of graphene, however, the high- 
field regime is not experimentally accessible, 
because the magnetic length is much greater than 
the interatomic distance. This is not the case in 
our artificial honeycomb lattice. To support the 
existence of graphene-like effects in our system, 
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Fig. 3. (A) Resonant inelastic light-scattering spectra of the Hubbard mode at three values of the 
magnetic field and 7 = 1.7 K. (B) Dependence of the Hubbard mode at T = 1.5 K on the power P (in 
microwatts) of the HeNe laser used to photodeplete the 2DEG. From black to blue, the electron con- 
centration per site decreases from 8 + 2 to 3 + 2 (21). Data in (A) are at P = 0 uW. (C) Temperature 
dependence of the Hubbard mode at B = 5.48 T and P = 0 uW, displaying an activated behavior with an 


activation energy of 0.2 meV. 


Fig. 4. Energies of the spin-wave 
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we carried out calculations of the density of states 
based on a tight-binding model (33) in the pres- 
ence of disorder comparable to the hopping en- 
ergy and in the ultrahigh—magnetic-field regime 
(/p < a). These results reveal the persistence of a 
structure reminiscent of the zero-energy Landau 
level of graphene (20). Similar to the case in 
graphene (/6—/8, 3/), electron-electron interac- 
tions can lead to a reorganization of this low- 
energy sector, yielding a broken-symmetry ground 
state with an energy gap ~ A. Additionally, the 
observed opening of the gap above a threshold 
magnetic field indicates a delicate interplay be- 
tween hopping, disorder, and many-body effects. 

The capability of observing M-H_ physics 
in nanostructured semiconductor devices with 
honeycomb geometry may open new approaches 
for the investigation of quantum phases of strong- 
ly correlated condensed-matter systems. Given 
that the interaction strengths governing the phys- 
ics of the 2DEG can be finely tuned by design 
and by the application of external electric and 
magnetic fields, such scalable solid-state systems 
offer great promise to further expand the current 
realms of study offered by quantum emulators 
that so far have been realized with cold atom 
gases in optical lattices (34-36). 
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A Material with Electrically Tunable 
Strength and Flow Stress 


Hai-Jun Jin?** and Jorg Weissmiiller?* 


The selection of a structural material requires a compromise between strength and ductility. 
The material properties will then be set by the choice of alloy composition and microstructure 
during synthesis and processing, although the requirements may change during service life. 
Materials design strategies that allow for a recoverable tuning of the mechanical properties 
would thus be desirable, either in response to external control signals or in the form of a 
spontaneous adaptation, for instance in self-healing. We have designed a material that has a 
hybrid nanostructure consisting of a strong metal backbone that is interpenetrated by an 
electrolyte as the second component. By polarizing the internal interface via an applied electric 
potential, we accomplish fast and repeatable tuning of yield strength, flow stress, and ductility. 
The concept allows the user to select, for instance, a soft and ductile state for processing and 
a high-strength state for service as a structural material. 


nvironmental exposure and in-service wear 
influence the mechanical performance of 
engineering materials. Environmental ef- 
fects are often adverse, as exemplified by stress 
corrosion cracking (/). Immersion in corrosive 
media may also impair strength and flow stress 
without immediate failure (2-4). More recently, 
nanoindentation studies have revealed a deci- 
sive effect of the surface state on the hardness 


(5). Although the microscopic processes that cou- 
ple the plasticity to the environment have not been 
conclusively determined, the observations dem- 
onstrate that a material’s mechanical perform- 
ance can vary depending on the environment 
to which it is exposed during service. Here, we 
exploit these observations in designing a mate- 
rial with controllable strength and ductility. Our 
approach rests on two principles. First, we max- 


imize the impact of surface processes by work- 
ing with nanomaterials with an extremely large 
surface area. Second, we design the material as 
a hybrid in which an electrolyte becomes an 
inherent part of the microstructure. Interfacial 
properties and processes can be controlled via 
an electric potential, with consequences for the 
macroscopic behavior of the nanocomposite. In 
this way, the yield strength and flow stress of our 
material can be recoverably varied by as much 
as a factor of 2. 

Our samples are made by dealloying, a cor- 
rosion process that selectively dissolves the less 
noble component from an alloy and leaves behind 
a monolithic body with a uniform, nanometer- 
scale structure composed of a contiguous skele- 
ton of “ligaments” of the more noble component 
interpenetrated by an equally contiguous pore 
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space (6, 7). Previous work has revealed ex- 
tremely large local strength of the individual lig- 
aments (8) and excellent compressive ductility of 
macroscopic nanoporous gold (npg) samples (9). 
It has also been shown that nanoporous metal 
wetted by electrolyte may serve as an actuator 
material with high stroke and high work density 
(0, 11). 

The hybrid material is made by imbibition of 
the pores of npg with 1 M HC1O,, an electrolyte 
exhibiting only weak adsorption on gold in a 
wide range of the electrode potential E. Figure 
1 displays the microstructure of the porous metal 
(Fig. 1B), along with a schematic illustration of 
the compression test and of the in situ electro- 
chemical control setup (Fig. 1A). The electro- 
chemical characteristics are exemplified in the 
cyclic voltammogram, showing the dominantly 
capacitive polarization of the internal interfaces at 
more negative potential and the adsorption and 
desorption of about one monolayer of oxygen 
species (/2) at the metal surface at more positive 
potential (Fig. 1C). Bulk gold oxide is not formed 
under these conditions (/3). 

We started out by compressing the hybrid 
material at constant potential. Figure 2A shows 
the compression stress-strain curves of a sample 
with ligament diameter L = 20 nm at two values 
of E, 1.03 V and 1.48 V, as measured versus the 
standard hydrogen electrode (SHE). The poten- 
tials correspond to “clean” and “oxygen-covered” 
surfaces of the ligaments, respectively. The two 
different surface states lead to distinctly different 
compression performance. At the lower potential, 
the sample is ductile up to high strain. The inset 
in Fig. 2A shows photographs of the initial and 
final sample shapes, testifying to deformation 
by uniform densification at negligible transverse 
plastic strain. Compression at the higher poten- 
tial brings a quite different behavior. Not only 
does the yield strength increase by 36%, from 
22 MPa to 30 MPa, but there is also a noticeable 
loss of ductility. The differences in mechanical 
behavior, despite the practically identical micro- 
structure, demonstrate the importance of changes 
of state at the internal interfaces for yielding and 
plastic flow. 

The recoverability of the mechanical property 
changes can be verified by implementing cyclic 
potential jumps during compression tests. Figure 
2B shows a typical stress-strain curve for such a 
test, superimposed on a curve recorded at a con- 
stant E = 1.03 V. Both samples have ZL = 20 nm. 
The segments of both graphs agree well when 
E = 1.03 V, exemplifying the excellent sample- 
to-sample reproducibility of the mechanical be- 
havior. When the potential is increased to 1.48 V, 
the flow stress is seen to increase rapidly. This 
change can be reversed, because the flow be- 
havior at the lower voltage is recovered when the 
potential is switched back to 1.03 V. 

Collecting data for different samples, Fig. 2C 
shows that the flow stress variation increases 
with increasing strain. At the higher strains, the 
flow stress can be as much as doubled by varying 
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the potential. The figure also contains data for 
samples with larger ligament diameters, L = 45 
and 200 nm. The results confirm the trend of 
larger flow stress at larger potential, while the 
amplitude of the variation decreases with in- 
creasing L. 

The recoverable changes in plastic behavior 
concur with the formation and removal of the 
surface oxygen adsorbate layer. However, com- 
pression tests with potential jumps within the 
regime of capacitive charging demonstrate that 
adsorption is not a requirement. Figure 2D shows 
the recoverable change of flow stress when E is 
varied between 1.03 and 0.08 V, avoiding oxy- 
gen adsorption. The flow stress variation is here 
smaller, 10 to 15% for L = 20 nm, but still ap- 
preciable. Remarkably, the sign of the flow stress— 
potential response is reversed compared to that in 
the oxygen adsorption/desorption regime. Figure 
2D also shows that the flow stress change is con- 
siderably more pronounced when varying the 
potential between 0.08 V and 0.53 V than be- 
tween 0.53 V and 1.03 V. The observations are 
consistent with a roughly parabolic variation of 
flow stress with potential, with a minimum near 
E=0.53 V. This is close to the potential of zero 
charge (pzc), which is in the range 0.24 to 0.55 V 
for gold in HCIO, (/4). 

Dry npg samples were also tested to verify the 
extent to which the surface states and the cor- 
responding mechanical response are preserved 
when the electrolyte and the potential control are 
removed. Samples with L = 20 nm were held at 
1.03 V and 1.48 V, respectively, for 30 min, then 
rinsed in pure water and dried at room temper- 
ature in open air for 8 to 9 days. Their stress- 
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strain curves are shown in Fig. 3. The dry sample 
with oxygen-covered surface (conditioned at 
1.48 V) was less brittle than that measured in situ 
at 1.48 V in electrolyte, but the yield strengths 
were almost identical. By contrast, at E = 1.03 V, 
the yield stress of dry samples with clean sur- 
face was lower than that measured in situ in the 
“wet” state (<10 MPa versus 22 MPa). This find- 
ing can be attributed to the structure coarsening 
to L = 40 nm during drying, as evidenced by 
scanning electron microscopy (SEM) observa- 
tion. The dependence of the flow properties on 
the conditioning, even after drying, implies that 
the surface oxygen coverage and the correspond- 
ing material strengthening can be maintained, for 
at least a few days, after switching off the poten- 
tial and even after removing the electrolyte. 

The potential-controlled plasticity we present 
here has parallels to the “Rehbinder effect” (2-4) 
and to other observations in relation to the impact 
of the environment on the plasticity of engineer- 
ing materials (/, /5, 16). However, reports in 
that context document an effective weakening of 
metals (lesser flow stress at given strain rate or 
enhanced deformation rate at given stress) when 
exposed to electrolyte (2-4, 15, 16), whereas the 
present material shows the opposite behavior: 
Our samples are weakest when dry and with clean 
surfaces or near the pzc, and are strengthened 
by exposure to the environment. Moreover, the 
Rehbinder effect is suppressed by even a small 
addition of impurities, because solid solution hard- 
ening in the bulk dominates over surface effects 
on dislocation movement (/7). Yet the present 
material exhibits a large effect of potential on the 
mechanical behavior, despite 5 to 10 atomic per- 


Fig. 1. (A) Schematic illustration of compression of bulk npg samples in situ with electrochemical control. 
WE, working electrode; RE, reference electrode; CE, counterelectrode. (B) SEM image of a npg sample, 
showing uniform and small structure size (L = 20 nm). (C) Cyclic voltammogram (five successive scans) of 
current / versus potential E for npg in 1 M HClO, solution at the potential scan rate of 5 mV/s. Potential is 
specified versus the standard hydrogen electrode, SHE. 
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cent Ag impurities. The impact of the potential 
variation on the mechanical behavior even in- 
creases at larger strain, despite dislocation cell 
structure formation (9) and the concomitant work 
hardening. Obviously, the correlation between 
potential and strength in our nanomaterial is dis- 
tinctly different from the results reported for the 
Rehbinder effect in bulk metals. 

It seems premature to try to conclusively 
identify a single mechanism responsible for our 
observations. However, experiments similar to 
the ones presented here connect to important 
issues in the general context of nanomaterial 
deformation and provide new ways of probing 
the underlying mechanisms. As a context for in- 
specting some of the related aspects, let us make 
a rough estimate of the jump in the local flow 
stress, ,, of the ligaments. By means of example, 
we inspect the first jump in the data of Fig. 2B, 
where the macroscopic flow stress, 0x4, varies by 
~30%, from ~29 MPa to >38 MPa for a material 
with L = 20 nm and an initial solid volume frac- 
tion, Vo, of 0.25. At this point, the material has 
undergone ~15% plastic compression. Because 
the compression does not entail transverse plastic 
expansion (9), the solid volume fraction, v, scales 


with the plastic engineering compression strain, 
€, according to v = vo/(1 — €). Thus, v in the 
example has increased to 0.29. The Gibson- 
Ashby foam scaling equation, 6 = 0.30,0"”, 
provides an approximate relation among ow, v, 
and o, (/8). This implies that during the po- 
tential jump, the ligament strength increases by 
190 MPa, from 620 to 810 MPa. We discuss pos- 
sible origins of that jump, starting with the impact 
of two relevant capillary parameters (/9): sur- 
face stress and surface tension. 

The surface stress, f; imposes a bulk stress in 
the solid that scales inversely with the size and 
varies with the electrode potential (/0, 11). At 
extremely small ligament size and f > 0, the 
surface-induced bulk stress may be large enough 
to trigger the spontaneous shear of a nanometer- 
size solid (20). Previous work has found f to 
decrease with increasing potential throughout the 
potential interval under study here (2/). Decreas- 
ing f requires increasing bulk stress and, conse- 
quently, elastic expansion of the porous solid. The 
in situ dilatometry experiments of Fig. 4 verify 
this effect, with a macroscopic elastic strain A//Ip 
(in the absence of external load) on the order of 
1.0 x 10 when cycling npg with a ligament size 


© [MPa] 


Evs SHE [V] 


SF 148 /0;, 1.03 


E vs SHE [V] 


Fig. 2. Potential dependence of strength and flow stress of npg. (A) Compressive stress-strain curves of 
engineering stress, o, versus engineering strain, ¢, measured in situ at constant potentials. Ligament 
surface is covered with submonolayer-thick oxygen when E = 1.48 V and is clean when potential is held at 
1.03 V. The inset is a photograph of npg samples with clean surface before and after compression 
[adapted from (9)]. (B) Responses of plastic flow (red) to potential jumps. Data obtained at a constant 
potential of 1.03 V (gray) were plotted for comparison. (C) Summary of strength and flow stress increase 
(¢,1.48/67,1.03) induced by surface oxygen adsorption. Note that the relative density, p, increases during 
compression. (D) Response of flow stress to potential jumps in double-layer region. Ligament diameter is 


20 nm for samples in (A), (B), and (D). 
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of 55 nm through the oxygen adsorption-desorption 
region. With a 1/L scaling, the above finding im- 
plies 2.8 x 10™ strain for the sample with L = 
20 nm. Using the value Y= 79 GPa for Young’s 
modulus of gold, we thus find that oxygen adsorp- 
tion induces an axial stress increase of ~22 MPa. 
This stress may act as a prestress that increases 
the external load required for yielding. The mag- 
nitude of this stress is clearly too small to account 
for the ligament strength increase of 190 MPa. 
Furthermore, the changes in flow stress and surface 
stress are not consistent when attention is turned 
to the capacitive regime. Here, the surface stress 
still decreases with increasing potential (see the 
strain data of Fig. 4), but—contrary to what is 
found in the OH-adsorption regime—the flow 
stress now decreases. In summary, our findings 
suggest that surface stress does not play an im- 
portant role in potential-dependent strengthening. 

We next consider the effect of changes in 
surface tension. When a ligament is sheared by 
the motion of a dislocation over a cross-sectional 
glide plane, the step edge created at the surface 
increases the total surface area. The condition 
that the mechanical work done by the Peach- 
Kohler forces acting on the moving dislocation is 
at least equal to the increase in total surface en- 
ergy (extra area x surface tension) couples the 
yield stress with changes in the surface tension. 
In support of that concept, a minimum in creep 
rate and a maximum in strength have been re- 
ported for macroscopic metal samples near their 
electrocapillary maximum of y (3, 15, 16). The 
mechanism is specifically relevant for npg, be- 
cause the ligaments are so small that almost all 
dislocations traveling therein may be expected to 
have one end or two ends moving on the surface 
(22, 23). Yet the concept is incompatible with our 
observations: The electrocapillary maximum agrees 
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Fig. 3. Compression behavior of “dry” npg sam- 
ples with and without surface oxygen, correspond- 
ing to pretreatment potential of 1.48 V and 1.03 V, 
respectively. Graphs show engineering stress, o, 
versus engineering strain, e. Data measured in 
“wet” state with potentiostatic control are shown 
for comparison. Ligament diameter is L = 20 nm 
except for the F = 1.03 V (dry) sample, which ex- 
perienced coarsening to L = 40 nm during drying. 
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Fig. 4. In situ dilatometry trace (solid 10 
blue line) of outer dimension change, 

Alllo, of a npg sample (L = 55 nm) in 
response to potential sweeping in 1M 5 
HClO, solution at 10 mV/s. Dashed 
black line shows cyclic voltammogram 
measured during the same scan. 
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with the pzc (19), which is near the center of our 
experimental potential interval, where the flow 
stress is found to be at minimum. Environmental 
effects on the plasticity of ionic crystals have 
been discussed in terms of a different link be- 
tween surface tension and flow stress, which does 
predict a flow stress minimum near the pze: Im- 
age forces may induce cross-slip and, consequent- 
ly, pinning for screw dislocation segments near 
free surfaces (24). The step line tension counter- 
acts the cross slip. A reduction in surface tension 
and line tension would thus reduce the barrier 
to cross-slip, promoting pinning and ultimately 
strengthening the material. 

As an additional interaction mechanism, we 
consider the possible impact of adsorption on the 
elastic interaction of dislocations with the sur- 
face. The drag exerted by adsorbates on moving 
dislocation endpoints has been termed “adsorp- 
tion locking” (17). Similar to Cottrell clouds in 
the bulk of conventional solid solutions, adsorbed 
anions decorate stress fields at the surface (25). It 
is conceivable that the adsorbed species tend to 
pin the dislocation, enhancing the flow stress. 
Adsorption may also affect the local surface ex- 
cess elastic constants and, through them, the in- 
teraction of dislocations with the surface. The 
modified compliance of the surface would result 
in a size- and potential-dependent macroscopic 
elastic response. In nanoporous metals, the sur- 
face effects on the effective compliance are open 
to experimental investigation (26). 

The relevance of the dislocation endpoint 
drag picture of electrochemical strengthening— 
whether related to cross-slip or to adsorption 
locking—is actually supported by the results in 
Fig. 2C. We observed the largest flow stress 
change at the highest strain. In the initial nano- 
porous structure there are few dislocations, so the 
very small volumes of the ligaments may be de- 
formed without dislocation interaction (27, 28). 
Yet electron backscatter diffraction imaging on 
npg has shown that large deformation does lead 
to dislocation interaction, as evidenced by the 
formation of subgrain boundaries by increased 
strain rate sensitivity (9). The creation of internal 
pinning points in deformed samples implies that 
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the free arms of the dislocations that end at the 
surface will become shorter, so that more stress is 
required to active them. The flow stress may then 
be dominated by operation of many single-arm 
dislocations with one end locked in the interior 
of the material and another end traveling—with 
friction—on the surface. The maximum arm length 
is here shorter than the ligament diameter, which 
amplifies the surface effects. This mechanism 
would be characteristic for nanoscale porous 
materials, whereas coarser microstructures would 
favor coarser subgrain structures and hence would 
have a lesser impact of dislocation storage on the 
variation in flow stress. This notion agrees with 
the observation that the flow stress variation be- 
comes less strain-dependent as the ligament size 
increases, as shown in Fig. 2C. 

The action of surface dislocation endpoint 
drag is also consistent with the transient under- 
shoot of the flow stress during oxygen desorption 
(Fig. 2B). The stress here initially falls below the 
constant-potential flow stress at 1.03 V, but it re- 
covers that behavior as the deformation proceeds. 
The observation cannot be explained by stored 
elastic energy. Instead, the removal of surface ox- 
ygen apparently eases the motion of mobile dislo- 
cations or, alternatively, acts to unpin dislocations 
that were immobilized in the oxygen-covered state. 
Thus, the minimum flow stress during desorption 
would correspond to a transient peak in mobile 
dislocation density. Subsequent egression sim- 
ilar to what is known as “mechanical annealing” 
(29), or pinning by dislocation interaction, can 
recover the steady-state flow behavior. 

We have demonstrated a hybrid material con- 
cept that affords control over mechanical perform- 
ance. The material’s strength and ductility can 
thus be matched to altering requirements in ser- 
vice. For instance, the material may be switched 
to a soft and ductile state for processing, or to a 
high-strength state for service as a structural ma- 
terial. The recoverable changes in the flow stress 
approach a factor of 2. On a more speculative 
level, hybrid materials similar to the one investi- 
gated may even adapt their performance sponta- 
neously. The response of the internal stresses to 
surface charging is analogous to the response 
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of the local electrode potential to elastic strain 
(30, 31). In a properly designed electrochemical 
environment, this change may prompt local ad- 
sorption processes at stress concentrations (25, 32). 
As we have shown, such processes may drasti- 
cally enhance the strength. This provides a mech- 
anism for selectively removing weak spots from 
a microstructure, which is an essential part of a 
self-healing strategy. Essential to this strategy is 
our demonstration that deposition of submono- 
layer adsorbate layers is sufficient to largely en- 
hance the strength of nanoscale hybrid materials. 
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Magnetosphere Sawtooth Oscillations 
Induced by lonospheric Outflow 


O. J. Brambles,?* W. Lotko,? B. Zhang,” M. Wiltberger,” J. Lyon,? R. J. Strangeway* 


The sawtooth mode of convection of Earth’s magnetosphere is a 2- to 4-hour planetary-scale 
oscillation powered by the solar wind—magnetosphere—ionosphere (SW-M-I) interaction. 

Using global simulations of geospace, we have shown that ionospheric O* outflows can generate 
sawtooth oscillations. As the outflowing ions fill the inner magnetosphere, their pressure 
distends the nightside magnetic field. When the outflow fluence exceeds a threshold, magnetic 
field tension cannot confine the accumulating fluid; an O*-rich plasmoid is ejected, and the 
field dipolarizes. Below the threshold, the magnetosphere undergoes quasi-steady convection. 
Repetition and the sawtooth period are controlled by the strength of the SW-M-I interaction, 


which regulates the outflow fluence. 


the fluxes of energetic charged particles 

at geosynchronous orbit (/, 2) and are so 
called because the time series of the particle 
fluxes resemble the teeth of a saw blade, with 
a 2- to 4-hour periodic sequence of slow de- 
crease followed by rapid increase. Many other 
geophysical processes have since been shown 
to vary in syne with periodic particle injections: 
magnetic fields measured at geostationary orbit, 
in the magnetotail, and at ground stations; the 
auroral electrojet index; auroral precipitation; and 
the polar cap index (3—7). Although observation- 
al studies of sawtooth oscillations have revealed a 
rich phenomenology of magnetospheric responses 
to quasi-steady driving by the solar wind, basic 
understanding of why they occur is lacking. This 
deficiency affects our ability to model magneto- 
spheric dynamics accurately and to forecast space 
weather. 

Sawtooth oscillations occur during relatively 
stable solar wind conditions when external trig- 
gering by variability in the interplanetary medi- 
um is absent. This behavior suggests that the 
response of the magnetosphere-ionosphere (M-I) 
system is conditioned by an internal mechanism. 
However, the mean sawtooth period of 3 hours 
(8, 9) is much longer than any known electro- 
dynamic cavity oscillation of the M-I system, 
even when extended to include the bow shock as 
a boundary (0). The ionospheric and magneto- 
spheric signatures of an individual sawtooth are 
similar to those of isolated substorms (5); that is, 
episodic conversions of magnetic energy to plas- 
ma energy in Earth’s magnetotail, with two note- 
worthy exceptions: The signatures of sawtooth 
substorms are more broadly distributed in local 
time, with particle injections, dipolarizations, and 
ground signatures spanning from midnight to the 


S awtooth oscillations were first observed in 
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dawn-dusk meridian and even into the dayside; 
and sawtooth signatures are more intense in the 
geostationary region than are those of isolated 
substorms. The sawtooth mode is also distin- 
guished from the steady magnetospheric convec- 
tion (SMC) mode, which is driven by similar, 
though somewhat weaker, upstream conditions 
(11-13). Energy transfer from dayside and night- 
side magnetic reconnection is in near balance 
during SMC events (/4), which do not exhibit 
the oscillations in convection characteristic of 
sawtooth events. It is not known why the solar 
wind—magnetosphere—ionosphere (SW-M-I) in- 
teraction settles into an SMC state versus a 
sawtooth oscillation under similar driving con- 
ditions or why differences in driving conditions 
should lead to one state or the other. 

Global simulations of magnetospheric dynam- 
ics based on equations of magnetohydrodynam- 
ics (MHD) provide physical insights into system 
behavior that are difficult to infer from in situ 
satellite measurements alone. Previous global sim- 
ulations have been able to capture observed 
features of geomagnetic storms (/5, /6), isolated 
substorms (/7, 18), and other events. They 
produce the SMC mode (/9, 20), the stretching 
of magnetic fields associated with sawtooth os- 
cillations (2/), and fast periodic reconnections of 
the magnetotail when a non-MHD electric field 
is included (22), but they fail to give ~3-hour 
global-scale, quasi-periodic substorms that define 
the sawtooth mode. This shortcoming suggests 
that sawtooth dynamics are governed by a phys- 
ical process not included in existing global mod- 
els. We used global simulations to show that the 
outflow of heavy ions from Earth’s ionosphere can 
dramatically change the convection cycle of the 
magnetosphere and promote sawtooth oscillations. 

The magnetosphere is a variable admixture of 
plasmas of ionospheric and solar wind origin 
(23), with the ionospheric source becoming more 
prevalent during the strong driving conditions 
typical of geomagnetic storms and sawtooth events 
(24). Heavy ion outflows from the ionosphere are 
most intense in the dayside cusp region (25) and 
near the polar cap boundary of the nightside au- 
roral zone (26), where shear Alfvén waves (trans- 
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verse electromagnetic waves that propagate energy 
along magnetic field lines in an MHD fluid) 
deposit electromagnetic power (27, 28). Alfvén 
wave energy can be converted to ion energy 
either directly when the transverse scale of the 
wave becomes comparable to the ion gyroradius 
(29) or indirectly via secondary instabilities that 
excite ion gyroscale waves driven by the wave 
field-aligned current and velocity shear (30). Sat- 
ellite studies estimate that 95% of heavy ion up- 
flows are produced by low-frequency broadband 
turbulence typical of Alfvén waves and associ- 
ated instabilities (3/). 

We used the multifluid Lyon-Fedder-Mobarry 
(LFM) global model (32, 33) to simulate the 
SW-M-I system, including the effects of O° iono- 
spheric outflows [supporting online material 
(SOM)]. The outflow boundary condition is spec- 
ified in terms of an observed statistical correlation 
between Alfvénic Poynting flux Sj and acceler- 
ated O” outflow flux Fo” 


Fo! = 2.97 x 10'S? (1) 


with Fo* given in ions/cm*-s and Sj in mW/m’. 
Although this statistical correlation exhibits con- 
siderable variance in observations and alone does 
not establish a direct causal link between Fy* and 
|, it does provide an empirical means of spec- 
ifying an average outflow flux at the low-altitude 
simulation boundary for a given Poynting flux 
flowing downward through the boundary. 

We evaluated the impact of the outflow on 
global convection from an ensemble of controlled 
simulations. The first set of investigations explored 
the dependence of convection on the outflow flu- 
ence F'yor (in ions/s), calculated as the integrated 
flux in the Northern Hemisphere at a radial geo- 
centric distance of 2.5 Earth radii (Re). To un- 
derstand the effects of variance in the empirical 
relationship (Eq. 1), we rescaled the equation with 
a constant scaling parameter o: so that Sj — o S\ 
and considered a range of a > 0 (34). The second 
set of experiments explored the dependence of 
the convection state on varying solar wind condi- 
tions for fixed o = 3.8 (Table 1). 

Studies using satellite measurements find that 
the outflow fluence under strong driving con- 
ditions is on the order of 107° ions/s (35). The 
simulated fluences listed in Table 1 are thus rep- 
resentative of observations when a is in the range 
from | to 6. The strength of interplanetary driving 
is measured by the SW-M coupling parameter 
€ = VswByarsin’ (0/2)Payn'° (36), where Vsw 
is the solar wind velocity, Bry is the magnitude 
of the interplanetary magnetic field, @ is IMF 
clock angle in the y-z plane (= 180° for all simu- 
lations in Table 1), and Payn = PswVsw7 is the 
dynamic pressure of the solar wind of mass 
density psy. For fixed o (= 3.8), Table 1 shows 
that the outflow fluence increases with increas- 
ing € in this model. The trend is linear: (For ) = 
0.6 x € + 0.2 with (Fyo7) in 10”° ions/s and ¢ in 
(mV/m) (nPa)!°. 
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The outflow is located throughout the simu- 
lated auroral oval, with a peak in the premidnight 
sector (Fig. 1). The dawn-dusk asymmetry is a 
consequence of the asymmetry in the precipitation- 
induced ionospheric conductance derived from 
LFM’s electron precipitation model. The night- 
side morphology resembles statistical maps of 
both Alfvénic Poynting flux (27) and O* outflow 
flux (28) derived from satellite data; however, 
these simulations do not produce the persistent 
O* outflow fluxes typically observed in the day- 
side cusp. This difference is possibly due to the 
steady solar wind conditions in the simulations, 
which do not generate significant time-variable 
perturbations of the dayside magnetic field and 
accompanying Alfvén wave power flowing into 
the cusp ionosphere. Other simulations using a 
heuristic model for cusp outflows show that their 
interaction with the M-I system is weak because 
the bulk of the cusp outflow intersects the plasma 
sheet tailward of the nightside reconnection line 
(33). Thus, cusp O* outflows are not expected to 
change the qualitative nature of the results re- 
ported here. 

The magnetosphere in the baseline simulation 
(no outflow, o = 0) settles into an SMC state, with 
magnetic reconnection occurring in the nightside 
plasma sheet at a tailward distance of approxi- 
mately 25 Rr. The inclusion of O* outflow in- 
flates the magnetotail and causes reconnection to 
migrate further tailward. For o = | (run A), the 
tail is more dynamic, with nightside reconnection 
variably located between 30 and 45 Rp. Despite 
this increased variability, the system remains in 
an SMC state. As the outflow fluence increases in 
runs B to F, the nightside field lines become more 
stretched, and nightside reconnection migrates 
even further tailward to 50 to 65 Rg. This stretch- 
ing originates from the additional pressure of the 
magnetospheric O* population, which enhances 
both the “ballooning” pressure force and the dia- 
magnetic ring current that shears the ambient 
magnetic field. Both effects distend and stress the 
magnetic field lines. It is not clear at this point 
which is dominant. For sufficiently high outflow 
fluence, the nightside field lines are stressed to 
the point of inducing plasmoid ejection. The now 
unbalanced magnetic field tension forces the 
fluid and embedded field Earthward to dipolarize 
in the inner region. This release of stored energy 
is manifested as a substorm. A large fraction of 
the O* fluid is lost downstream in the plasmoid 
and to the magnetopause during the convective 
surge associated with the substorm. The nightside 
ionospheric outflow then continues to fill the in- 
ner magnetosphere, stretching the field lines once 
again, resulting in another substorm (fig. $2). 

We analyzed the simulation magnetic incli- 
nation angle near geostationary orbit to estimate 
the substorm periodicity and to compare the sim- 
ulation results with sawtooth substorms observed 
in satellite data (Fig. 2). The baseline run 0 and 
run J exhibit SMC behavior, whereas the other 
three cases (C, H, and J) in Fig. 2 exhibit 
sawtooth oscillations with decreasing period and 
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Table 1. Simulation parameters: Bold numbers indicate simulations with quasi-steady convection; 
nonbold numbers indicate simulations with quasi-periodic behavior. The solar wind density and tem- 
perature are constant at 5/cm? and 10 eV, and Earth’s dipole tilt angle is zero. The mean fluence (Fror) was 
derived from a 20-hour average in each simulation. 


Run 5 B, (nT) a £ (Frot) 102%/s 
0 400 -10 0 3.7 0 
A 400 -10 1 3.7 0.46 
B 400 -10 2.14 3.7 1.18 
Cc 400 -10 3.80 3.7 2.36 
D 400 -10 5.32 3.7 3.55 
E 400 -10 6.76 3.7 4.80 
F 400 —-10 12.0 3.7 9.59 
G 200 -10 3.80 1.5 1.08 
H 600 —-10 3.80 6.4 4.02 
i] 400 5 3.80 1.9 1.36 
J 400 -2.5 3.80 0.9 0.79 
Fig. 1. Morphology of 
ion outflow from simula- 
tion C, averaged over 1 hour, + 
starting 3 hours after the O* Flux 
simulation startup period. 16 
The auroral oval, defined 
by Feldstein (white) (42), 
is superimposed. For ref- 12 
erence, the flux has been & 
mapped along field lines € 
to the ionosphere using 8 © 
Fo*/By = constant (By is S 
the magnitude of the di- 7 
pole magnetic field). 4 

0) 


QO Baseline G-10 nT, 200 km/s C-10 nT, 400 km/s H -10 nT, 600 km/s | —5 nT, 400 km/s 


Magnetic Inclination, degrees 


0 2 4 6 8 10 12 14 16 18 20 
Time, hours 


Fig. 2. Simulated magnetic inclination angle, 6; = sin~*(B,/B), as a function of simulation time at 2330 
MILT, (x? + y*)"? = 6.6 Re, andz = 0.5 Re. B, and B are the z-component and total field magnitude at the 
simulation measurement point. Comparisons are shown for runs 0, C, G, H, and I. 
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increasing amplitude of the magnetic inclination 
angle evident as the strength of interplanetary 
driving (€) is increased. Observed SMC and 
sawtooth states both require quasi-steady solar 
wind drivers, but the magnitude of the driver is 
observed to be stronger for sawtooth oscillations 
(37), as in the simulations. From Table 1, an out- 
flow fluence exceeding about 1.1*10°° ions/s is a 
necessary condition for the onset of sawtooth os- 
cillations in the simulations. Although the SW-M-I 
system is more complicated than the simula- 
tions, the relationship between e, outflow fluence, 
sawtooth versus SMC state, and sawtooth period 
can be tested observationally. 

We used the power spectral density of the 
time variation in magnetic inclination angle to 
determine the sawtooth period, with variance in 
period defined as the full width at half maximum 
of the spectral peak defining the period. As the 
outflow fluence was increased in simulations B 
through F, the period decreased and tended to a 
value of approximately 2 hours (Fig. 3). Simu- 


lations C to E and H produce outflow fluences 
in agreement with the observed estimates on 
the order of 107° ions/s (35). They also yield 
sawtooth oscillations with periods ranging from 2 
to 5 hours, consistent with the 2- to 4-hour range 
derived from satellite measurements (9). 

The dipolarization time in the simulations 
ranged from 0.5 to | hour, compared to an av- 
erage of 22 min in observed sawtooth oscilla- 
tions, with standard deviation of 15 min (9). 
Thus, for simulated events with periods approach- 
ing 2 hours or less, the periodic waveforms res- 
emble nonlinear sinusoids rather than sawteeth. 
The apparent minimum period in Fig. 3 may be a 
consequence of the artificially long dipolarization 
time in the simulations. This longer dipolariza- 
tion may be a feature of numerically induced 
magnetic reconnection in the simulations, which 
does not allow for explosive local reconnection 
enabled by kinetic effects or a current-driven in- 
stability (38). Alternatively, if the O* abundance 
of the reconnection inflow is anomalously high, 


Fig. 3. Relationship be- 14 T T 
tween outflow fluence 

and sawtooth period for 12 

each simulation exhibit- 

ing quasi-periodic behav- = @ 10 

ior. The colors represent 3 B 

solar wind conditions as“. 8) 

follows: Vsw=400km/s, 8 

B, = -10 nf (blue); 9 SF | 


Vew = 600 kms, B, = a 


—10 nT (red); Vsw = 400 4p | 
km/s, B, = —5 nT (black). D oe 
Squares indicate simula- 2 aH Fe J 
tions with o = 3.8; cir- 
cles indicate simulations o 5 7 zi 7 6 7 A 5 70 
with different values of a.. 
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Fig. 4. Superposed epoch analysis of magnetic inclination angle near 
geostationary orbit for simulated (left) and observed (right) sawteeth (5). 
The magnetic inclination angle is evaluated on the circle (x° + 
in the plane z = 0.5 R_ for simulated sawteeth and at geostationary 
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giving a lower Alfvén speed relative to that of 
the actual system, then the mass-loaded inflow 
may also produce slower dipolarization in the 
simulations. 

A distinguishing feature of the sawtooth mode 
as compared to isolated substorms is the wide 
extent in magnetic local time (MLT) (39) of sig- 
natures such as field line stretching and dipolar- 
ization. We examined this feature by comparing a 
superposed epoch analysis of magnetic inclina- 
tion angle for all simulated sawtooth events in 
Fig. 3 with periods of 1.75 to 5 hours to a super- 
posed epoch derived from observed sawtooth 
events (5) (Fig. 4). The simulated and observed 
results exhibit a number of striking similarities: 
The minimum inclination angle of the simulated 
sawteeth is 27° as compared to 26° of observed 
sawteeth, with both being lower than the average 
minimum inclination angle of 43° observed at 
geostationary orbit for isolated substorms (5). The 
observed and simulated sawteeth produce more 
intense signatures at geostationary orbit than do 
isolated substorms, and both exhibit dawn-dusk 
asymmetry, with more pronounced features in the 
premidnight sector. The asymmetry in the simu- 
lated onset is caused by the asymmetry in out- 
flow as discussed above. The MLT extent of the 
simulated sawteeth is not as broad as in obser- 
vations; for example, the 44° contour at 0.0 UT 
in the simulated sawteeth spans 10 hours of MLT, 
as compared to 12 hours of MLT for the observed 
sawteeth. However, the MLT extent in the sim- 
ulations is still far wider than the average MLT 
extent of 2 hours for an isolated substorm (5). 
This profound difference arises from internal 
processes, which supplant and overcome the evo- 
lution of open field lines in the Dungey convec- 
tion cycle (40). These processes intensify the ring 
current through the addition of adiabatically 
energized O* of ionospheric origin, which also 
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satellites for observed sawteeth. For each sawtooth, dipolarization onset 
(fiducial time 0 UT) is visually inferred as the last minimum before the 
rapid increase in magnetic inclination angle in the 2330 to 0030 MLT 
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augments the radial pressure force to the point 
that magnetic tension in the geostationary magneto- 
sphere can no longer contain the fluid, not even 
in the dawn-dusk meridian. In this sense, the 
convection cycle of a sawtooth substorm resem- 
bles the Vasyliunas cycle (4/) at Jupiter, wherein 
corotating, mass-loaded flux tubes pinch off to 
form plasmoids in the premidnight sector, then 
cyclically refill after rotating around the magne- 
tosphere again. The Vasyliunas cycle at Jupiter is 
periodic in space; its analog at Earth is periodic in 
time. Jupiter’s periodic cycle is powered by plan- 
etary rotation; in contrast, Earth’s cycle is pow- 
ered by the SW-M dynamo and its propensity to 
produce ionospheric outflows. 

Although we have shown that ionospheric 
outflow in MHD simulations can produce the 
sawtooth convection mode, we do not know if it 
is the only (or the most important) mechanism. 
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Evidence of a Global Magma Ocean 
in lo’s Interior 


Krishan K. Khurana,?* Xianzhe Jia,” Margaret G. Kivelson,”* Francis Nimmo,” 
Gerald Schubert,’ Christopher T. Russell? 


Extensive volcanism and high-temperature lavas hint at a global magma reservoir in lo, but 

no direct evidence has been available. We exploited Jupiter's rotating magnetic field as a 
sounding signal and show that the magnetometer data collected by the Galileo spacecraft near 
lo provide evidence of electromagnetic induction from a global conducting layer. We demonstrate 
that a completely solid mantle provides insufficient response to explain the magnetometer 
observations, but a global subsurface magma layer with a thickness of over 50 kilometers and a 
rock melt fraction of 20% or more is fully consistent with the observations. We also place a 
stronger upper limit of about 110 nanoteslas (surface equatorial field) on the dynamo dipolar field 
generated inside lo. 


, the most volcanic planetary body in the so- 
lar system, is known for its prodigious thermal 
output [>2 W/m”, roughly 30 times Earth’s 


averaged output, (/, 2)]. Gravity studies suggest 
(3) that Io’s differentiation has resulted in a me- 
tallic iron core with a radius of 650 to 950 km, 


surrounded by a mantle believed to be peridotitic 
(4) with a density of 3250 to 3700 kg m° and 
forsterite (MgoSiO,) likely the most abundant 
mineral (5). Extensive volcanism has probably 
created a lower-density, cold, rigid outer crust (6). 
Surface lava temperatures hint at an upper-mantle 
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temperature of 1250° to 1450°C, suggesting that 
beneath the crust there lies a fully or partially 
molten layer [the asthenosphere (7, 8)], but its 
existence and state are matters of considerable 
debate (9—/2). Here we interpret magnetic field 
measurements made near Io as strengthening the 
evidence for such a layer. 

Induction caused by Jupiter’s rotating magnetic 
field was previously used to identify electrically 
conducting subsurface oceans in the icy satellites 
Europa, Ganymede, and Callisto (/3—/5). At Io, 
too, the inductive response can be used to infer 
the properties of its interior, because the conduc- 
tivities of subsurface layers depend on the tem- 
peratures and the melt states of their constituent 
rocks (16-19). The conductivities of dry solid 
ultramafic rocks increase from 10° S/m at room 
temperature (20) to ~10* S/m at 1200°C and 
~10 S/m at 1400°C at pressures prevailing in 
Io’s upper mantle (/7, 78). Ultramafic rock melts 
have conductivities in the range of | to 5 S/m at 
1200° to 1400°C, and partially molten rocks have 
conductivities ranging from 10+ to 5 S/m, de- 
pending on factors such as temperature, com- 
position, melt fraction, and melt connectivity 
(17-19). 

Magnetic data useful for induction studies 
were obtained by the Galileo spacecraft from Io 
on four passes, labeled 124, 127, 131, and 132. 
The 124 and 127 passes are especially useful 
because they probed low Io latitudes, where the 
induction signature maximizes, and occurred when 
Io was outside of the dense part of the jovian 
plasma sheet near the time of maximum induc- 
ing field (>500 nT). For these near-equatorial 
flybys, in the Cartesian coordinate system called 
1@Q, with x parallel to Io’s orbital velocity, y di- 
rected toward Jupiter, and z completing the or- 
thogonal triad, induction contributed minimally 
to the B. component, allowing us to focus on 
the fit to the observed B- profile to validate our 
plasma interaction model and on the B, and B, 
components to establish the magnitude of the 
inductive response. 131 and [32 are less val- 
uable for induction studies because they probed 
polar regions where the expected induction 
field is weak as compared with the field per- 
turbations imposed by interaction with jovian 
plasma. 

Near Io, field perturbations arise from both 
external and internal sources. Magnetohydro- 
dynamic (MHD) perturbations result from the 
interaction of Io’s atmosphere with Jupiter’s co- 
rotating plasma (2/). There, the jovian plasma is 
slowed by mass loading, charge exchange, and 
interaction with Io’s conducting ionosphere. 
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Alfvénic perturbations called Alfvén wings cou- 
ple Io to Jupiter’s ionosphere, exerting forces that 
drive mass-loaded plasma toward corotation 
(22). We calculated this interaction field from a 
three-dimensional MHD simulation model (23) 
analogous to that used successfully for inter- 
preting data acquired near Ganymede (24). An 
additional perturbation source is the inductive re- 
sponse of Io to the first three rotational harmonics 
(12.953, 5.619, and 4.962 hours) in Jupiter’s field. 


REPORTS 


The vector amplitudes (in nanoteslas) of the three 
harmonics are (309, 734, 118), (70, 106, 11), and 
(10, 14, 1) in the 16Q coordinate system. The 
second and third harmonics are excited by the 
quadrupolar and octupolar terms of Jupiter’s in- 
ternal dynamo. To model the inductive response 
to this multifrequency primary field, we used 
multiple-shell models of internal conductivity 
(25). In the models, the cold crust had zero con- 
ductivity and a thickness of 50 km (6). To obtain 
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Fig. 1. (A) Observations (solid black curves) and model fields (colored lines) for the 124 pass. The 
dashed green line represents the jovian background field near lo. The MHD model (no induction) is 
plotted with solid green lines. The MHD models that include the inductive field from the following are 
shown: a warm solid mantle at 1200°C (conductivity = 0.002 S/m, dotted blue lines), a hot solid 
mantle at 1400°C (conductivity = 0.007 S/m, dashed blue lines), an asthenosphere with a 5% melt 
fraction (conductivity = 0.1 S/m) overlying a hot solid mantle (dotted red lines), an asthenosphere 
with a 20% melt fraction (conductivity = 0.43 S/m) overlying a hot solid mantle (dashed red lines), 
and a perfectly conducting shell located underneath the crust (solid red lines). (B) Same as (A), except 
for the 127 pass. 
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the conductivity of the mantle, we assumed that 
Jo has fully differentiated (3), starting from a 
chondritic bulk composition (8). After the 
removal of silicate-rich material for a 30- to 
50-km crust and of iron to form a core with a 
radius of 900 to 1000 km, the three main con- 
stituents remaining in the mantle were SiO>, 
MgO, and FeO with weight %’s of 44, 32, and 
14% (8). A good Earth analog for this type of 
rock is a lherzolite (derived from Spitzbergen, 
Norway), an ultramafic igneous rock believed to 
be derived from Earth’s upper mantle (/8). We 
used the electrical properties of this rock (/8) to 
simulate Io’s mantle. 

As in earlier work on Europa’s subsurface 
ocean, the solutions to the electromagnetic dif- 
fusion equation for the multiple-shell model with 
a perfectly conducting core were expressed in 
terms of Bessel functions (/4, 25). The amplitude 
and phase responses were computed from all 
three jovian rotational harmonics and then 
summed and used to represent the internal field 
of Io in an MHD simulation. Even though MHD 
models with induction from a solid mantle fit the 
observations better than a model without an in- 
ductive layer, the fits were unsatisfactory (Fig. 1). 

To refine the modeling further, we explored 
three-layer models in which a conducting astheno- 
sphere overlies a solid mantle (Fig. 2). Even for a 
warm solid mantle [with conductivity (o;) = 0.002 
S/m], the primary signal does not penetrate to 
the core, thus no appreciable induction is expected 
from the core and the conductivity of the core 
becomes irrelevant. Figure 2 demonstrates that 
for asthenospheric conductivity, o9 — 1 S/m 
(expected in rocks with >20% melt fraction), in- 
duced fields >600 nT can be generated near Io. 
Further, asthenospheric thickness (/) cannot be 
established when it exceeds 100 km, because 
the response saturates. However, op and hence 
the melt fraction of the asthenosphere can still 
be inferred. 

With little guidance available on astheno- 
spheric thickness and melt fraction from tidal 
dissipation models (//, 26-28), we treated these 
as fit parameters of our model. We obtained the 
conductivity of the partial melt from the melt 
fraction using an empirical relationship derived 
from laboratory experiments performed on ultra- 
mafic rocks from Earth’s upper mantle (/7, 19). 
Responses from all three jovian spin harmonics 
were included. It is clear that an asthenospheric 
melt fraction >20% is required for a satisfactory 
model of the measurements from the 124 and 127 
flybys (Fig. 1). Thus, our work shows that Io 
currently hosts a partially or fully molten astheno- 
sphere, with a thickness exceeding 50 km and a 
melt fraction of at least a few tens of percent. 
Current observations from Galileo are inadequate 
to place any stronger limits on h. Signals at lon- 
ger than 13-hour periodicity are required to probe 
more deeply into Io's interior. 

We fitted the difference fields (observations 
minus MHD responses without induction) from 
the four flybys to equatorial magnetic dipoles 
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Fig. 2. The amplitude in nanoteslas at the pole of the induced dipole on lo’s surface (labels on red curves) 
and the phase delay in degrees (labels on dotted blue curves) of the magnetic field for a three-layer model 
of lo consisting of a crust, a partially molten asthenosphere, and a hot solid mantle (inset) for a range of 
asthenospheric conductivities (x axis) and thicknesses (y axis). The period and amplitude of the inducing 


field were assumed to be 12.953 hours and 800 nT. 
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Fig. 3. The components of the observed dipole moments [ordinate, Mx (red squares) and My (black 
circles)] for the four flybys plotted against those expected from a 100% induction model (abscissa). The 


black solid line has a slope of unity. 


(Fig. 3). Even though there is some scatter, it is 
clear that the observations require induction 
from a globally distributed good conductor. The 
observed dipole moment changes in strength 


and direction in response to the changing pri- 
mary field, ruling out a dynamo-generated field. 
The form of the observed field (dipolar and 
global) rules out localized regions of melt as 
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Fig. 4. The internal structure of lo as revealed by the present study. Underneath a low-density crust 30 to 
50 km thick (gray outline in the cross section) exists a global magma layer (asthenosphere) with a 
thickness exceeding 50 km and a rock melt fraction of a few tens of percent (red-brown outline). The high 
electrical conductivity of the asthenosphere prevents the time-varying horizontal component of the jovian 
field from significantly penetrating into the mantle. The almost constant vertical magnetic field pervades 
the ultramafic mantle (golden hues in cross section), which must have a temperature exceeding 1200°C to 
support rock melts in the asthenosphere. The 600- to 900-km-radius core composed of Fe-FeS is rendered 


in a metallic silver hue. 


sources, because such unconnected conductors 
would induce higher-order spherical harmonics 
(which we did not observe), with a dipolar 
moment much weaker than the saturated re- 
sponse that we observed. On the other hand, a 
global layer of interconnected melts is a valid 
explanation for our data. 

After subtracting the MHD + inductive re- 
sponse (calculated from our 20% melt model) 
from the observations, we inverted the residual 
fields from the four flybys for a common dipole 
moment. The value (—38.2, 73.6, 67.5) nT ob- 
tained for the dipole moment in IQ coordinates 
shows that if Io has a permanent internal mag- 
netic field, it is extremely weak. 

The presence of a partially molten astheno- 
sphere (Fig. 4) in Io supports the idea that Io’s 
mantle is too hot to effectively cool its core, thus 
explaining the apparent absence of a dynamo 
(29) and making it more likely that Io’s core is 
completely molten. This result marks the astheno- 
sphere as a primary site of tidal heating and allows 
us to predict that Io’s heat flux, if predominantly 
due to tidal heating in the asthenosphere, will be 
higher in equatorial regions as compared to the 
poles (26). Lateral variations of asthenospheric 


thickness and/or melt fraction that would arise 
from non-uniform heating modify the magnetic 
induction spectrum at frequencies not resolved in 
our data set. 
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Diminishing Returns Epistasis 
Among Beneficial Mutations 
Decelerates Adaptation 


Hsin-Hung Chou,?* Hsuan-Chao Chiu,” Nigel F. Delaney, Daniel Segré,”* Christopher J. Marx’“+ 


Epistasis has substantial impacts on evolution, in particular, the rate of adaptation. We generated 
combinations of beneficial mutations that arose in a lineage during rapid adaptation of a bacterium 
whose growth depended on a newly introduced metabolic pathway. The proportional selective 
benefit for three of the four loci consistently decreased when they were introduced onto more fit 
backgrounds. These three alleles all reduced morphological defects caused by expression of the 
foreign pathway. A simple theoretical model segregating the apparent contribution of individual 
alleles to benefits and costs effectively predicted the interactions between them. These results provide 
the first evidence that patterns of epistasis may differ for within- and between-gene interactions 


during adaptation and that diminishing returns epistasis contributes to the consistent observation 


of decelerating fitness gains during adaptation. 


pistasis describes genetic interactions in 
K= of how phenotypic effects of a mu- 

tation depend on other mutations in the 
genome. If two mutations act on a given phe- 
notype independently, each would be expected 
to exert the same proportional effect regardless 
of whether the other allele was present, although 
other models can be applied (/—3). Deviations 
from this null expectation have been used to un- 
cover interacting genes via genetic screens for 


Fig. 1. Mutational network and distinct patterns of 
epistasis for mutations between and within genes. 
(A) Each node displays the allelic composition 
(fghA, pntAB, gshA, GB) of a given genotype (bold) 
and its fitness. Ancestral and evolved alleles are 
indicated by 0 and 1, respectively, leading from the 
ancestral EM strain (0000) to the evolved EVO isolate 
(1111). Each edge indicates an allelic replacement 
(fghA, orange; pntAB, blue; gshA, green; GB, red) 
and the corresponding selective coefficient. Varia- 
tion in relative selective effect (normalized to max- 
imum s;) of each allele as a function of the fitness of 
the background it was introduced into is shown 
for: (B) between-gene epistasis in Methylobacterium 
[background fitness normalized from EM = 0 to 
maximum =1; colors as in (A)] or (C) within-gene 
epistasis for £. coli B-lactamase [background fitness 
normalized to minimum inhibitory concentration 
maximum of 1; log scale for visualization; squares 
indicate deleterious effects]. [Data from (5)] 
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second mutations that suppress the effect of the 
first, to identify the order of enzymes in bio- 
chemical pathways, and to unravel systems-level 
interaction patterns characterized with genome- 
wide double-knockout libraries. One general 
trend has been that the detrimental effect of a 
lesion in a pathway (or module) (4) is greater alone 
than when there is already another deleterious 
mutation in that process (i.¢., antagonistic epis- 
tasis). In contrast, lesions in parallel pathways 


producing the same product tend to cause stron- 
ger phenotypes (synergistic epistasis) than ex- 
pected; the extreme case of the latter, termed 
synthetic lethality, results in a nonviable genotype. 

Epistasis between beneficial mutations re- 
mains largely unexplored. Previous studies ex- 
amined epistasis between five amino acid (or 
promoter) substitutions within an allele of B- 
lactamase selected for cefotaxime resistance in 
Escherichia coli (5). By constructing all possible 
mutation combinations within the B-lactamase 
locus, a single-peaked fitness landscape was re- 
vealed with numerous cases where the identical 
mutation increased resistance on some back- 
grounds but decreased it on others (i.e., sign epis- 
tasis). Similar results have been found for cofactor 
use by isopropylmalate dehydrogenase (6) and 
for hormone receptors (7). In contrast, few studies 
have addressed interactions between beneficial 
mutations in different genes (8, 9). 
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The distribution of epistatic interactions be- 
tween mutations may greatly influence evolution- 
ary outcomes—from the maintenance of sexual 
reproduction to the fixation rate of beneficial 
alleles—and hence the speed of adaptation itself. 
The most consistent finding across studies of 
laboratory-evolved populations has been a rapid 
deceleration of the rate of fitness increase (/0). 
Theoretical analysis suggests that the observed 
dynamics of fitness increase and accumulation of 
substitutions (//) are best described by a class of 
fitness landscapes with antagonistic interactions 
between beneficial mutations (/2). 

We took both experimental and theoretical 
approaches to investigate potential epistasis in 
populations that were initiated with an engi- 
neered strain of Methylobacterium extorquens 
AMI (hereafter, EM) (table $1) and evolved in 
batch culture with methanol as the sole carbon 
source (3). In order to grow on methanol, Methylo- 
bacterium must oxidize formaldehyde into for- 
mate. Wild-type Methylobacterium (WT) performs 
this oxidation with a tetrahydromethanopterin- 
dependent pathway (/3). In EM, this native 
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pathway was eliminated and replaced by a non- 
orthologous, glutathione (GSH)-dependent path- 
way from Paracoccus denitrificans (fig. S1) (14). 
As a result, the EM strain could grow on meth- 
anol, but at a rate one-third that of WT (fig. S2). 
Adaptation in eight replicate populations depen- 
dent on this engineered metabolic function (anal- 
ogous to natural horizontal gene transfer) resulted 
in an average fitness increase after 600 generations 
of 66.8% (fig. S3), as determined by competition 
assays (3), and was largely carbon substrate— 
specific (fig. $4). 

The genome of an evolved isolate from gen- 
eration 600 (“EVO”) (9) with the highest fitness 
(Wevo = 1.94) (table S2) was sequenced to iden- 
tify the genetic basis of adaptation in that lineage 
(3). In total, nine mutations were identified (fig. 
$5) (3). We found an 11-base pair (bp) deletion 
between the two genes that encode the GSH- 
dependent pathway, fIhA and fghd (ie., feha"”), 
in a plasmid specifically introduced into EM 
(pCM410) (fig. S6). This deletion removed the 
apparent ribosome-binding site for fghA and 
decreased expression of these enzymes by 55% 


—M EM EM Evo 


Evo 


+GB 


Fig. 2. Morphological aberrations caused by expression of the foreign pathway. Distinct cellular mor- 
phologies of (A) WT or an EM ancestor showing (B) curved, (C) branched, or (D) elongated cells. (E) Mean 
cell length and proportion of elongated (black), branched (white), and curved (gray) cells for various 
strains. Plasmid pCM410 expresses the foreign pathway; pCM160 is an empty control plasmid. 
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and 73% (3), respectively. This change, however, 
increased fitness by 14.2% (Fig. 1A), which sug- 
gested that production of these enzymes in the 
EM ancestor was higher than the optimum. In 
WT, where the GSH pathway is extraneous, a 
strain with an empty vector had a 14.1% fitness 
advantage relative to fitness when both genes 
were expressed. It therefore appeared that the pri- 
mary advantage of the fghd*'® allele was to re- 
duce the costs of protein overexpression (e.g., 
energy consumption, ribosome sequestering, and 
protein misfolding). We also identified a single- 
nucleotide polymorphism (SNP) in the promoter 
region of pyridine nucleotide transhydrogenase 
(pntAB*"°), and a 2-bp deletion in the promoter 
of the most rate-limiting enzyme of GSH biosyn- 
thesis, y-glutamylcysteine synthetase (gsh4""°). 
These gene products have clear linkages to meth- 
anol utilization in EM (3). The remaining six ge- 
netic changes included a large deletion (fig. $7), 
a synonymous SNP, the loss of a plasmid, two 
transposon insertions, and a 6-bp insertion (3). 
The last-named six are difficult to reconstruct 
genetically, were individually neutral under our 
experimental conditions (/5), or were deemed 
unlikely to greatly contribute to fitness. We thus 
treated them as a single collective locus, the “ge- 
netic background” (GB""°), for the purpose of 
examining epistasis between beneficial mutations. 
All identified alleles, when present individually 
in the ancestral background conferred fitness ben- 
efits ranging from 10 to 51% (Fig. 1A). 

In order to investigate epistasis between these 
beneficial mutations, strains with each allelic com- 
bination (24 = 16) were constructed (3), and their 
fitness values were measured (Fig. 1 A). The adapt- 
ive landscape of this genotypic space contained 
a single peak; each allele was universally bene- 
ficial across genetic backgrounds (i.e., showed no 
sign epistasis, but the degree of benefit conferred 
varied) (Fig. 1B). Except for pntAB"", the re- 
maining three alleles exhibited a significant trend 
of diminishing returns: Their selective benefits de- 
clined in genetic backgrounds with higher fitness. 
In contrast, the resistance to cefotaxime conferred 
by each mutation within the £. coli B-lactamase 
gene (5) was idiosyncratic with regard to the 
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resistance of the background onto which it was 
introduced (Fig. 1C). 

We found a connection between antagonistic 
epistasis and a physiological problem caused by 
protein overexpression in EM. Cells of the EM 
ancestor showed an increased length and aberrant 
morphologies relative to WT (Fig. 2 and fig. S8), 
similar to those commonly observed for protein 
overexpression (/6). Reducing expression of the 
foreign pathway in EM via fghA“"? suppressed 
cellular abnormalities, whereas expressing it in 
WT (where it is redundant) induced similar de- 
fects. This confirmed that the morphological de- 
fects were caused by overexpression of the foreign 
pathway. In addition, the gsh4””? and GB"? 
alleles (but not pnt4B""°) also individually re- 
duced morphological defects (to about one-third), 
and when all the evolved alleles are present to- 
gether (e.g., the EVO strain), abnormal cells were 
nearly absent (a finding recapitulated across all 
eight populations) (fig. S2D). These data suggest 
that part of the benefit conferred by the three 
alleles whose selective benefit wanes on fitter 
backgrounds resulted from directly or indirectly 
decreasing protein overexpression costs. 

Epistasis has been often represented as the 
deviation from a null model in which individual 
mutations affect the ancestor’s fitness (Wo = 1.0) 
with independent multiplicative factors 4; (dou- 
ble mutant’s fitness, Wi; = 4,A;Wo). However, in 
our system, rather than being captured by a sin- 
gle indivisible phenotype, cell growth seems to 
depend on at least one separately measurable 
component, i.e., the growth burden imposed by 
expressing the foreign pathway. As stated above, 
three of the four alleles identified in the EVO 
strain appear to increase fitness at least partly by 
reducing this cost. Therefore, in analogy to the 
contributions to fitness by a single enzyme (17), 
we developed a mathematical model that parti- 
tions fitness into two phenotypes: a “benefit” com- 
ponent bo, analogous to a single conglomerate 
“enzyme activity” that sets the rate of energy ex- 
tracted from the substrate to generate biomass; and 
a cost co, encompassing a fixed amount of energy 
diverted to deal with overexpression of the foreign 
pathway (3). Thus, the fitness of the ancestral 
strain can be written, as Wo = bo — co = 1. We 
hypothesize that a new allele i could modify the 
benefit and the cost of the ancestral background 
by certain multiplicative factors (A; and @;, re- 
spectively), giving rise to a fitness W; = Aibo — 
Qjco. A successive allele j, on top of the background 
of mutant i, is similarly assumed to act multi- 
plicatively on the benefit and cost components, 
yielding a fitness W; = A;Ajbo — 8;8;co. 

If we could determine experimentally the values 
of bo, Co, and the A; and 6; for each allele, then 
the above model should provide predictions for the 
fitness of any multiallele strain, computable as 


Wenutant = [] ibo- TT 90 
icAlleles icAlleles 


(3). We estimated these parameters: Cost was de- 
termined by expressing the foreign pathway in 
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WT, where its metabolic function was fully 
redundant (co = 0.141) (/7). Setting Wo = 1, re- 
sults in bo = 1.141. The lowered cost of expres- 
sion, 8;, for each allele was approximated as the 
decreased relative proportion of morphological 
defects (table $3) (3). Factors 4; could then be 
estimated using the single-allele benefit-cost 
model. 

Without specifying further information, this 
simple model partitioning fitness into benefit 
and cost outperformed the standard null model in 
predicting fitness values of multiallele combina- 
tions [coefficient of determination (R?) = 0.97 
versus R? = 0.64] (figs. $9 and $10) (3). It also 
recapitulated the antagonistic trend of epistasis 
among the three alleles affecting cell morpholo- 
gy and correctly predicted the consistent mag- 
nitude of benefit from pnt4B"” (Fig. 3). The 
agreement between our experimental data and 
model predictions supports our model assumptions 
and thus our hypothesis as to why diminishing 
returns epistasis was observed: Proportional re- 
ductions of a cost became successively less ben- 
eficial as the cost itself was alleviated. 

Diminishing returns has been predicted (/8) 
but because of different assumptions. The non- 
linearity of fitness increase in these models arises 
because it is assumed that a given trait is under 
stabilizing selection for an intermediate optimum, 
which explicitly considers fitness as being dis- 
placed from a fixed adaptive peak. Although the 
assumption of intermediate optimality holds well 
for many traits like body weight and length, fit- 
ness rises monotonically with increasing growth 
rate or decreasing protein expression burden. In 
this study, we considered a higher-level pheno- 
type (growth rate) as the sum of two constituent 
phenotypes (metabolic rate and protein expres- 
sion burden), which allowed us to generate a pre- 
cise expectation for the fitness of multiallele strains 
without explicitly assuming stabilizing selection. 
The success of this approach suggests that it may 
be possible to generalize the idea of expressing 
higher-level phenotypes (such as fitness) as com- 
binations of multiple underlying traits to provide 
quantitative predictions of epistasis. 

An analogous study (/9) of the interactions 
between beneficial mutations in E. coli evolved 
in minimal glucose medium found similar epistat- 
ic trends: four of five new alleles exhibit signif- 
icant diminishing returns. The fifth such mutation, 
and a mutation present as a component of our 
GB*"° allele that is beneficial only in metal-poor 
media (/5), showed the opposite trend: an in- 
crease in selective advantage with higher back- 
ground fitness. Thus, across these two distinct 
model systems 7 of 10 alleles consistently showed 
antagonism, whereas only 2 exhibited synergy. 
This tendency toward diminishing returns be- 
tween beneficial mutations was predicted from 
trajectories of fitness increase and substitution 
rate (/2) but had never been tested directly. Fur- 
thermore, these results are in stark contrast to the 
epistatic effects seen among mutations within sin- 
gle proteins, which are varying and unpredictable 


in their effect with regard to background activi- 
ty (5, 7). This distinction between results from 
within- and between-gene epistasis suggests that 
the underlying causes of epistasis at different 
physiological scales (i.e., within-gene protein 
biophysics versus between-gene physiological 
networks) lead to categorically distinct, but re- 
producible, trends in genetic interactions that af- 
fect both the speed of adaptation and the degree 
to which possible trajectories are limited. 

Note added in proof: Kvitek and Sherlock 
(20) recently reported an additional experimen- 
tal system, evolution of Saccharomyces cerevisiae 
in a glucose-limited chemostat, that exhibited a 
general trend of diminishing returns for epistasis 
between pairs of beneficial mutations in differ- 
ent loci. 
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Negative Epistasis Between 
Beneficial Mutations in an Evolving 
Bacterial Population 


Aisha |. Khan,**t Duy M. Dinh,?* Dominique Schneider,”? Richard E. Lenski,* Tim F. Cooper’t 


Epistatic interactions between mutations play a prominent role in evolutionary theories. Many 
studies have found that epistasis is widespread, but they have rarely considered beneficial 
mutations. We analyzed the effects of epistasis on fitness for the first five mutations to fix in 
an experimental population of Escherichia coli. Epistasis depended on the effects of the 
combined mutations—the larger the expected benefit, the more negative the epistatic effect. 
Epistasis thus tended to produce diminishing returns with genotype fitness, although 
interactions involving one particular mutation had the opposite effect. These data support 
models in which negative epistasis contributes to declining rates of adaptation over time. 
Sign epistasis was rare in this genome-wide study, in contrast to its prevalence in an earlier 


study of mutations in a single gene. 


volutionary theory predicts that epistatic 
Foes between mutations can play 

an important role in determining patterns 
of adaptation (/—5). Nevertheless, despite many 
studies of mutational interactions, little is known 
about the distribution of their fitness effects. Do 
most mutations combine additively, or are epi- 
static interactions widespread? When mutations 
interact epistatically, are their combined fitness 
effects usually greater or less than expected from 
their separate effects? Do the prevalence and form 
of epistasis depend on how the mutations are 
generated—for example, whether the mutations 
are random and therefore usually deleterious or, 
alternatively, ones that have been fixed by se- 
lection? Recent studies have examined epistatic 
interactions by measuring the relative fitness of 
genotypes with known numbers and combina- 
tions of mutations (6—/4). These studies have typ- 
ically found that epistasis is common, although 
there is often no consistent directional effect. Nev- 
ertheless, some general patterns have been sug- 
gested. For example, synergistic epistasis may be 
more common in organisms with complex ge- 
nomes (/5). However, most studies have exam- 
ined deleterious mutations, and few data exist 
on interactions among beneficial mutations that 
arose during a population’s evolution. 

The difficulty of identifying and precisely ma- 
nipulating beneficial mutations has meant that the 
role of epistasis in adaptive evolution has usual- 
ly been inferred indirectly from its effects on 
evolutionary dynamics and outcomes (/6—2/). 
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A common observation in microbial evolution 
experiments is that the rate of fitness increase 
tends to decelerate over time (2/—25). Negative 
epistasis, in which the combined effect of ben- 
eficial mutations is smaller than would be ex- 
pected from their separate effects, could explain 
that tendency. However, such deceleration might 
instead occur simply because beneficial muta- 
tions of large effect will tend to be incorporated 
earlier owing to their faster spread and greater 
success in the face of competing beneficial mu- 
tations (26), and this explanation does not require 
epistasis. The capacity to sequence experimental- 
ly evolved genomes, as well as to enumerate ben- 
eficial mutations over time, adds another dimension 
to evolutionary dynamics that can inform efforts 
to understand the role of epistasis in adaptive 
evolution (24). Kryazhimskiy et al. (4) recently 
proposed that trajectories for fitness and accu- 
mulated beneficial mutations could be jointly 
analyzed to infer the nature of epistasis among 
the beneficial mutations. By analyzing these com- 
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bined data for the same experimental population 
that is the focus of our study, they inferred that 
interactions between beneficial mutations were 
predominantly negative in form. Here we will 
directly test that inference. 

To that end, we constructed all possible 
combinations of the first five beneficial mutations 
that were fixed in one population of Escherichia 
coli from a long-term evolution experiment. In 
that experiment, 12 replicate populations were 
started from a common ancestor and indepen- 
dently evolved in a defined environment supple- 
mented with glucose as the limiting resource 
(22). Fitness increased in all populations, relative 
to the ancestor, in that same environment (22, 27). 
This experiment was designed, in part, to ex- 
amine the repeatability of adaptive evolution, 
and subsequent studies have documented many 
examples of both phenotypic and genetic paral- 
lelism (24, 27-30). Nevertheless, replicate pop- 
ulations have diverged in other phenotypic and 
genetic traits (24, 37, 32). A striking example of 
divergence is the ability to grow on citrate that 
evolved in only | of the 12 populations (32). Aside 
from that case, all of the populations show a strong 
tendency toward decelerating rates of fitness in- 
crease (27, 28). 

Whole-genome sequencing of a clone that 
was isolated after 20,000 generations from one 
of the populations (designated Ara-1) identified 
45 mutational differences from the ancestor (24). 
Many other mutations appeared in the popula- 
tion, of course, but most were eliminated by ran- 
dom drift or negative selection. Other beneficial 
mutations also arose, including some that reached 
detectable frequencies, but these were lost by 
interference from superior beneficial mutations 
(24, 26) and, in at least one case, because they 
were less able to evolve than the eventual win- 
ners (33). Here we focus on the first five mu- 
tations that fixed in this population and whose 
spread coincided with the period of fastest 
adaptation. These mutations together produced 


Relative 
fitness: 
1.0 


Fig. 1. Mutational network connecting constructed genotypes. Each node represents one of 32 possible 
combinations of five mutations. Anc indicates the ancestral strain. Other labels indicate mutations 
affecting these genes: r, rbs; t, topA; s, spoT; g, glmUS; and p, pykF. Node colors and sizes reflect the 
genotype’s fitness relative to the ancestor. Edges show all one-step mutations. Solid and dotted lines 
indicate whether the additional mutation caused an increase or decrease in fitness, respectively. 
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a fitness increase of ~30% relative to the ancestor, 
and thus they account for much of the ~80% in- 
crease in mean fitness that this population achieved 
by 20,000 generations (24, 34). These mutations, 
listed in the order they arose, are in these genes 
or gene regions: rbs operon, topA, spoT, glmUS 
promoter, and pykF. 

The five beneficial mutations were moved 
into the ancestral chromosome to produce a set of 
32 (= 25) genotypes representing all possible 
combinations of those mutations (table $1). This 
approach follows previous studies that examined 
combinations of mutations underlying focal traits 
in single genes or gene regions (7, 9, 12). The 
fitness of each constructed genotype was then 
estimated in direct competition against a marked 
variant of the ancestor, which enabled us to de- 
scribe the local fitness landscape for this full set 
of genotypes (Fig. 1 and fig. $1). Note that each 
mutational step that was followed in the evolving 
population produced an increase in fitness rel- 
ative to the immediate progenitor. Therefore, each 
of these mutations was beneficial on the genetic 
background in which it arose. 

To test for epistasis between the focal ben- 
eficial mutations, we first used a multiplicative 
null model that gave the expected fitness of a 
genotype as the product of the individual fitness 
effects of the relevant mutations (35). The ab- 
solute epistatic deviation was then calculated as 
the difference between observed and expected fit- 
ness values (fig. $2). We also calculated the rel- 
ative epistatic deviation as the log ratio of observed 
and predicted fitness values (35). In both cases, 
positive (or negative) deviations indicated that 
the observed fitness of a genotype was greater 
(or less) than expected under the null model. 

We found no overall trend in the contribution 
of either absolute or relative deviations to the 
fitness of the 26 constructed genotypes with two 
or more mutations {mean absolute epistatic de- 
viation = 0.006 + 0.021 [95% confidence interval 
(CD], bs = 0.553, P = 0.585; mean relative de- 
viation = 0.002 + 0.008 (95% CD), tos = 0.670, 
P=0.510} (Fig. 2). The nonsignificant average 
deviations might mean that epistatic effects were 
small, rare, or both; alternatively, nonsignifi- 
cance may indicate that positive and negative 
effects tended to offset one another (6). Con- 
sistent with the latter possibility, epistasis was 
common in the constructed genotypes. The ab- 
solute epistatic deviation was significantly pos- 
itive in seven genotypes and negative in five 
(P < 0.05) (table $2). 

There were seven cases in which the addition 
of a mutation appeared to reduce fitness (Fig. 1), 
but only one was significant (P < 0.05) when 
analyzed in isolation, and it became nonsignif- 
icant with a Bonferroni correction for multiple 
tests. In any case, even if all seven cases of ap- 
parent marginal declines were real, the local adapt- 
ive landscape has only one fitness peak, because 
it is possible to reach the most-fit genotype by 
uphill trajectories from any starting point. More- 
over, 86 of the 120 possible mutational trajecto- 
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ries connecting the ancestor and the most-fit 
genotype are monotonically increasing for fitness 
(fig. S1 and table $3). Although not all of the 
step-wise changes are significant, the paucity of 
even nonsignificant declines supports the infer- 
ence that most steps are individually positive. 
The preponderance of monotonically increasing 
fitness trajectories in our study stands in sharp 
contrast to a previous study of five mutations in a 
B-lactamase gene, where only 18 of the 120 tra- 
jectories gave strictly increasing levels of antibi- 
otic resistance (9). 

What factors might explain the observed var- 
iation in the direction and strength of epistasis in 
our study? One possibility is that epistasis de- 
pends on the magnitude of the fitness effects of 
the contributing mutations. To test this hypothe- 
sis, we examined the relation between epistasis 
and the expected fitness of each genotype in the 
absence of any epistatic effect. We observed an 
overall negative relation, indicating that epistatic 
effects became more negative as the expected 
fitness rose [absolute epistasis: correlation coeffi- 


Fig. 2. Distributions of A 
estimated epistatic fit- 
ness deviations for 26 
genotypes with at least 
two mutations. (A) Ab- 
solute epistatic deviations. 
(B) Relative epistatic de- 
viations. Red lines indi- 
cate mean values. Note 
that the pykF mutation 
drives almost all of the 
positive values of epis- 
tasis (Fig. 3 and table $2). 


count 


cient (r) = —0.578; relative epistasis:  =—0.586], 
although this relation appeared to obscure some 
underlying genetic complexity (Fig. 3). Hence- 
forth, we will focus on the relation between ex- 
pected fitness and relative epistatic deviation 
because it provides a measure of the influence of 
epistasis on the strength of selection for a new 
beneficial mutation. 

The negative relation between epistasis and 
expected fitness could reflect a consistent effect, 
such as saturating the potential improvement in 
some underlying physiological process. Alterna- 
tively, the presence or absence of specific mu- 
tations might produce groups of genotypes that 
have different average fitness and epistasis val- 
ues. For example, if one particular mutation con- 
ferred a large benefit in the ancestor but interacted 
negatively with the other mutations, then it might 
drive an overall correlation that would not be 
typical of most mutational interactions. To distin- 
guish between these possibilities, we used anal- 
ysis of covariance to test whether the presence 
of any single mutation, or any combination of 
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two mutations, explained a significant fraction of 
the variation in the relation between epistasis and 
expected fitness. The only gene that showed a 
significant effect was pykF (Fig. 3 and fig. S3) 
(F\.23 = 61.93, P < 0.001) (table S4). The mean 
epistatic deviation was significantly negative 
among genotypes with the ancestral allele 
(mean = —0.014, tio = —3.942, P = 0.003), 
whereas it was significantly positive among those 
with the evolved allele (mean = 0.015, t4 = 4.913, 
P <0.001) (fig. S4). Thus, the pykF mutation en- 
hances fitness through its epistatic interactions 
with the other evolved mutations. However, the 
sets of genotypes with ancestral and evolved pykF’ 
alleles both exhibit negative correlations between 
relative epistasis and expected fitness values (an- 
cestral pyvkF: r=—0.923; evolved pykF: r=—0.610) 
(Fig. 3 and fig. S5). As a consequence, the slope 


of the major axis regression (35) of the observed 
and expected fitness values is less than unity in 
both cases, although only marginally so for those 
genotypes with the evolved pykF allele (ancestral 
pykF: slope = 0.628, 95% CI of 0.519 to 0.748; 
evolved pykF: slope = 0.850, 95% CI of 0.698 to 
1.029) (fig. S6). These data thus indicate a strong 
negative relation between expected fitness and 
epistatic deviations, although the details of this 
relation also clearly depend on the particular ben- 
eficial mutations involved. 

We also examined the relation between fit- 
ness and epistasis by arranging the 32 genotypes 
into 16 pairs, such that each pair differed only by 
the presence or absence of a particular mutation. 
This pairing allowed us to quantify how the 
marginal fitness effect of each mutation varie 
with the fitness of the progenitor background in 
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which the mutation was placed. The benefits 
conferred by the first four mutations that fixed in 
the population (Arbs, topA, spoT, and glmUS) 
tended to decline as the fitness of the progenitor 
increased, and that correlation was significant 
(P < 0.05) in three of those cases (Fig. 4). No- 
tably, the relation was reversed for the pykF mu- 
tation, such that it tended to confer a greater 
benefit in the more-fit genetic backgrounds. In 
fact, the pykF mutation was selectively neutral 
in the ancestral background, unlike the earlier 
beneficial mutations. Thus, the effect of back- 
ground fitness on the strength of epistasis de- 
pended on the specific mutation, which suggests 
that these mutations conferred their beneficial ef- 
fects through different underlying physiological 
processes. 

A conspicuous feature of the mean-fitness 
trajectory for this population—and indeed for 
most experimental populations evolving in a con- 
stant environment—is that the rate of adaptation 
declined over time (2/—25). Mechanisms that 
may explain this deceleration include reductions 
in the number and effect-size of beneficial mu- 
tations as a population becomes better adapted to 
its environment (2/, 22, 36). The strong negative 
relation between epistasis and the expected fit- 
ness of a genotype in the absence of epistasis 
(Fig. 3) suggests that epistatic interactions con- 
tribute greatly to this deceleration by reducing the 
effect-size of the remaining beneficial mutations 
as a population approaches a fitness peak. In 
other words, epistasis acts as a drag that reduces 
the contribution of later beneficial mutations. 
Note that similar trends were seen by Chou et al. 
(37), who examined the fitness interactions among 
five beneficial mutations that occurred during 
adaptation of an engineered strain of Methyl- 
obacterium extorquens AM1. That study, like 
ours, found that four mutations interacted to yield 
diminishing fitness returns, whereas one muta- 
tion had the opposite effect. 

Our results are also consistent with a recent 
theoretical study that used population-genetic 
models to infer that negative epistasis between 
beneficial mutations could explain the fitness 
trajectory in the same experimental population 
that we have studied (4). Although we observed 
widespread epistatic interactions among benefi- 
cial mutations in this study, and there was strong 
epistasis with another beneficial mutation that 
arose but did not fix in the same population (33), 
we did not observe the extreme constraints on 
possible mutational paths to higher fitness seen in 
an earlier study of the B-lactamase gene (9). More 
generally, our results suggest that a relatively 
simple epistasis function might be incorporated 
into models that seek to predict the dynamics of 
adaptation, at least for asexual haploid popula- 
tions evolving under constant conditions. How- 
ever, our results also caution that there will be 
exceptions to any simple function, as evidenced 
by the finding that the pykF mutation greatly 
affected the magnitude, although not the trend, of 
the relation between epistasis and fitness. 
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Scaling Up Digital Circuit 
Computation with DNA Strand 
Displacement Cascades 


Lulu Qian? and Erik Winfree?*?* 


To construct sophisticated biochemical circuits from scratch, one needs to understand how 
simple the building blocks can be and how robustly such circuits can scale up. Using a simple 
DNA reaction mechanism based on a reversible strand displacement process, we experimentally 
demonstrated several digital logic circuits, culminating in a four-bit square-root circuit that 
comprises 130 DNA strands. These multilayer circuits include thresholding and catalysis within 
every logical operation to perform digital signal restoration, which enables fast and reliable 
function in large circuits with roughly constant switching time and linear signal propagation 
delays. The design naturally incorporates other crucial elements for large-scale circuitry, such 

as general debugging tools, parallel circuit preparation, and an abstraction hierarchy supported by 


an automated circuit compiler. 


he power and mystery of life is entangled 
within the information processing at the 
heart of all cellular machinery. Engineering 
molecular information processing systems may 
allow us to tap into that power and elucidate prin- 
ciples that will help us to understand and appre- 
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ciate the mystery. DNA is an excellent engineering 
material for biochemical circuits because its bio- 
logical nature supports technological applications 
in vivo, its easy chemical synthesis facilitates prac- 
tical experiments in vitro, its combinatorial struc- 
ture provides sufficient sequence design space, and 
the Watson-Crick complementarity principle en- 
ables predictable molecular behavior. 

DNA has been used as a computing sub- 
strate since the first demonstration of solving 
a seven-city Hamiltonian path problem in 1994 
(J) and has evolved away from competing with 
silicon to embedding control within molecular 
systems. Although DNA automata can be built 


with deoxyribozymes (2, 3) or with restriction 
enzymes (4), the introduction of toehold-mediated 
DNA strand displacement enabled enzyme-free 
DNA machinery that is automated by hybrid- 
ization alone (5—8). A DNA strand can serve as 
a signal when it is free, but is inhibited when it 
is bound to a complementary strand. A single- 
stranded DNA signal can first bind to a partially 
double-stranded complex by a single-stranded 
domain called a toehold, then release the orig- 
inally bound strand after branch migration has 
occurred. Thus, an output signal can be acti- 
vated upon the arrival of an input signal, and the 
reaction rate can be controlled by the length of 
the toehold. This principle has inspired the de- 
velopment of a rich theory (9, /0) and practice 
(11-13) of DNA strand displacement circuits, 
resulting in a wide range of applications such as 
medical therapeutics in vivo (/4), molecular 
instruments in situ (/5), and biomedical diag- 
nostics in vitro (16). To date, the largest digital 
circuit built with DNA strand displacement cas- 
cades involved 12 initial DNA species (//). 
However, their logic gates were constructed with 
multistranded DNA complexes, challenging se- 
quence design constraints were required, and 
signal restoration occurred only at the circuit 
output, perhaps explaining why the performance 
decayed surprisingly with scale. 

To create a scalable DNA circuit architecture, 
we proposed (/7) a simple DNA gate motif—a 
“seesaw” gate—that makes use of a reversible 
strand displacement reaction based on the prin- 
ciple of toehold exchange (8, 12). In this context, 
seesawing is the reversible reaction that exchanges 
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the activity of DNA signals; a pair of seesawing 
steps completes a catalytic cycle, allowing signal 
amplification and signal isolation. A pair of see- 
saw gates can perform AND or OR operation, 
sufficient for universal Boolean function evalua- 
tion using dual-rail logic (78). A robust digital 
abstraction is maintained by embedding thresh- 
olding and catalysis into every logic operation to 
clean up signal degradation. With the use of plug- 
and-play molecular components, gates can be 


easily wired into circuits with arbitrary numbers 
of inputs (fan-in) and outputs (fan-out) at each 
gate, and they can be reconfigured to perform an 
AND or OR logic function through simple con- 
centration adjustments. DNA sequence design is 
straightforward because of the independence of 
strand domains. The simplicity of gate structures 
makes parallel DNA synthesis and circuit prepa- 
ration plausible. We present all circuits using a 
formal abstraction that concisely defines the DNA 
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species and their initial states, thus determining 
the circuit wiring, logical function, and temporal 
behavior. The size of the circuits implemented 
here with the seesaw architecture is larger than 
any previous strand displacement circuit, as mea- 
sured by the number of initial DNA species in the 
circuit, by at least a factor of 5. 

In the seesaw abstraction, each DNA gate 
is represented by a two-sided node (Fig. 1A 
and fig. S1, A and B). Each DNA signal is 
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Fig. 1. The seesaw gate motif and its DNA implementation. (A) Abstract 
diagram for a gate. Black numbers indicate identities of nodes (or interfaces 
to those nodes in a network). Red numbers within the nodes or on the wires 
indicate relative concentrations of different initial DNA species. Each spe- 
cies plays a specific role (e.g., input) within a gate and has a unique name 
(e.g., W2,5) within a network. Colored lines represent DNA strands at the 
domain level, with arrowheads marking their 3’ ends and colors indicating 
distinct DNA sequences. $2, $5, and 56 are long (15-nucleotide) recogni- 
tion domains corresponding to nodes 2, 5, and 6; $7 does not interact with 
other nodes in the network but preserves the uniform format of a signal 
strand. T is a short (5-nucleotide) toehold domain; T* is the Watson-Crick 
complement of 7, etc.; s2* is the first few nucleotides of $2* from the 3’ 
end. (B) Abstract diagram for a reporter; F and Q denote fluorophore and 
quencher, respectively. (C) Three basic reaction mechanisms involved in a 
seesaw network: seesawing, thresholding, and reporting. Solid circles with 
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two colors indicate signal strands that have two sides. Colored pac-men 
indicate threshold or reporter complexes. w2,5 is the signal strand that con- 
nects gates 2 and 5; Gs;5,.¢ is signal strand ws,¢ bound to gate 5; Tha,s-5 is the 
threshold that absorbs w2.5 when it arrives at gate 5; and Repé is the 
reporter that absorbs w;, and generates fluorescence signal for any i. (D) 
One cycle of a seesaw catalytic reaction. (E) Kinetics experiments of the 
seesaw DNA catalyst with a threshold. Threshold complex, gate:output 
complex, fuel strand, and reporter complex were mixed in solution with 
relative concentrations of 0.5x, 1x, 2x, and 1.5x, respectively (standard 
concentration 1x = 100 nM). Input strands were then added at 0.0x to 1.0x 
in increments of 0.1x. Sequences of strands are listed in tables $2 and S3, 
circuit 2. Experiments were performed at 20°C in Tris-acetate-EDTA buffer 
containing 12.5 mM Mg**. Output signals were inferred by fluorescence 
signals normalized to the maximum completion level. (F) Input versus output 
plot of (E). The output at ~3 hours is replotted against the initial input. 
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represented by a wire. Each side of the node can 
be connected to any number of wires. Each wire 
connects two different sides of two nodes. Each 
red number indicates one DNA species with its 
initial relative concentration: Each number on a 
wire corresponds to a free signal strand; each 
number within a node at the end of a wire cor- 
responds to a bound signal strand (positive num- 
ber) or a threshold that absorbs a signal when it 
arrives at the gate (negative number). A reporter 
that transforms a DNA signal into a fluorescence 
signal is represented by half a node with a zigzag 
arrow (Fig. 1B), with its initial relative concen- 
tration written similar to a threshold. 

Each signal is a single-stranded DNA mole- 
cule that has two recognition domains identify- 
ing the two gates it connects, one on either side 
of a central toehold domain. Each gate is asso- 
ciated with a gate base strand that has (the com- 
plement of) one recognition domain flanked by 
two toehold domains. When a signal strand is 
bound to a gate, it forms a gate:signal complex 
with the gate’s base strand. At any given mo- 
ment (not counting the transient states during 
reactions shown in fig. SIC), a gate base strand 
always has a signal strand bound to one side, 
leaving the tochold on the other side uncovered. 

There are three basic reactions involved in 
a seesaw network (Fig. 1C and fig. S1C). The 
first one is seesawing: A free signal on one side 
of a gate can release a signal bound on the other 
side of the gate by toechold-mediated strand dis- 
placement. The process starts with the free signal 
strand (e.g., W2,5) hybridizing to the gate:signal 
complex (e.g., Gs.5,6) at the uncovered toehold 
domain (e.g., 7*) and then undergoing branch mi- 
gration through the recognition domain (e.g., $5). 
The previously bound signal will fall off when it 
is attached to the gate base strand only by the 
short toehold. The resulting gate:signal complex 
(e.g., Go,s.5) will have an uncovered toehold on 
the other side, and therefore the now-free signal 
(e.g., Ws) can reverse the process symmetrically. 
The second reaction is thresholding: A thresh- 
old species associated with a gate and an imping- 
ing signal can react with the signal by means 
of a longer toehold (e.g., s2*7*), producing 
only inert waste species that have no exposed 
toehold. Thresholding is much faster than see- 
sawing because the toehold-mediated strand dis- 
placement rate grows exponentially with toehold 
length for short tocholds (7, 8). As a result, see- 
sawing effectively only happens when the input 
signal exceeds the threshold. The third reaction 
is reporting: A reporter species similar to a thresh- 
old, but modified with a fluorophore and quench- 
er pair, can absorb an impinging signal while 
generating a fluorescence signal. Unlike thresh- 
olding, reporting does not compete with seesaw- 
ing, and it therefore does not require a longer 
toehold. 

DNA signals can play different roles such as 
input (signals that arrive at a gate), output (signals 
that are produced by a gate), and fuel (signals that 
help to catalytically produce the output). One see- 
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saw gate with a few wires can create a catalytic 
cycle in which input transforms free fuel into free 
output without being consumed in the process 
(Fig. 1D and fig. S1, B and C). Initially, the output 
signal is bound to the right side of the gate; the 
input and fuel signals are free (in our analogy, the 
output is riding on the right side of the seesaw 
board; the input and fuel are wandering around). 
The input signal first releases the output signal and 
binds to the gate instead (the input jumps onto the 
left side of the board and makes the output jump 
off). The fuel signal then displaces the input signal 
by binding to the gate in the same way (the fuel 
pushes off the input). A catalytic cycle has been 
completed. In general, a free signal on one side of 
a seesaw gate can catalyze the exchange of signals 
on the other side, and this exchange will not hap- 
pen without the catalyst. These reactions are driv- 
en forward by the entropy of equilibration for the 
seesawing reactions. A small amount of free input 
can catalyze the release of a large amount of free 
output (fig. $2). 

Thresholding can be directly combined with a 
seesaw catalyst to support a digital abstraction— 
which is the basic principle underlying digital 


logic in electronics—by pushing the intrinsically 
analog signal toward either the ideal ON or OFF 
value. Fluorescence kinetics experiments (Fig. 1E) 
demonstrated the circuit in Fig. 1A connected to 
the reporter in Fig. 1B. The input-versus-output 
relationship (plotted in Fig. 1F) reveals a sharp 
threshold, ideal for signal restoration. 

A cascade of two seesaw gates can compute 
the logic function OR or AND. To explain this, 
we introduce two composable seesaw compo- 
nents for digital circuits. We first define the 
gross production of signal X as the total amount 
eventually released from the gate: 

=f xP (yar (1) 

o 

Motivated by sequence design constraints (figs. S3 
and S4), we then define two types of feedforward 
seesaw gates, each assuming an irreversible down- 
stream drain. The first type is called an amplifying 
gate. It has a threshold and fuel. If the gross 
production of its input is greater than the initial 
amount of threshold, the output will keep being 
released catalytically until it reaches the max- 
imum, which is the initial amount of bound 
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Fig. 2. Digital logic gates implemented with the 
seesaw circuit that computes either OR or AND, 
threshold. Input signals x; (w1,2) and x2 (w3,2) are 
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seesaw DNA motif. (A) Abstract diagram of a 
depending on the initial concentration of the 
summed together at gate 2 and, if they exceed 
output signal y (ws,¢), which is reported by the 


ROX fluorophore in reporter 6. (B) Domain-level DNA implementation of the two-input AND or OR 


gate. (C) Kinetics experiments. Input strands were 


at 0.1x (0, logic OFF) or 0.9x (1, logic ON), 


where 1x = 100 nM. Sequences of strands are listed in tables $2 and $3, circuit 3. Experiments 


were performed at 20°C. 
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output; otherwise, the output remains at zero. An 
amplifying gate can support multiple outputs. 
This is simply done by adding one bound output 
signal for each output wire. These gate:output 
complexes will have the same gate base strand 
bound by signal strands with different right-side 
recognition domains to connect to different down- 
stream gates. To sufficiently drive the release ofall 
outputs, the initial amount of free fuel will be 
twice the sum of all initially bound outputs: 


amplifying 


tea output = (™% ifinput) > th 
s culpul ea {o if (input) < th 
input (ol*) j ; 
= i” if (input) > th 
zm, coutput) = (Ft Gnpu <n 
fuel : 
th20,w>0 


(2) 


The second type is called an integrating gate. It 
has no threshold or fuel. The output is released 
stoichiometrically with the input. An integrating 
gate can support multiple inputs. This is simply 
done by adding one input signal for each input 
wire. These input strands will have the same right- 


Fig. 3. Digital logic compo- 
sition implemented with the 
seesaw DNA motif. (A) Circuit 
layer versus delay in OR cas- 
cades. Half completion times 
of seven selected experiments 
with a single input being ON 
in OR cascade circuits (Fig. 
2 and figs. S5 and S6) are 
plotted against the depth 
of the activated input. (B) 
Circuit layer versus switch- 
ing time in OR cascades. The 
time intervals between 20% 
and 80% completion of the 
above seven experiments are 
plotted against the depth of 
the activated input. (C) A cir- 
cuit with four layers and five 
AND or OR gates. Numbers 
aligned with six input wires 
are logic values of respec- 
tive inputs from 12 different 
experiments. Rectangles in- 
dicate the experiments where 
the output stayed OFF. Trajec- 
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side recognition domain but different left-side rec- 
ognition domains to connect to different upstream 
gates. With multiple inputs, the output will be the 
sum of all inputs. To ensure that all free inputs can 
be transformed into free output, the initial amount 
of bound output must be at least the maximum 
sum of all inputs that can possibly arrive: 


integrating 


input; \_ gate 
input, 
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An integrating gate followed by an amplifying 
gate can compute either OR or AND (Fig. 2A). A 
two-input OR gate will have an integrating gate 
that outputs the sum of the two inputs. The 
downstream amplifying gate will output 1 when 
the sum is greater than 0.6 and will output 0 
otherwise. In practice, the outputs will not be 
exactly 0 or | because of spurious or incomplete 
reactions, so we must ensure that logic gates will 
function correctly even with imperfect inputs. 
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Assuming a digital abstraction where OFF signals 
may be in the range 0 to 0.2 and ON signals in the 
range 0.8 to 1, we see that only when both inputs 
are OFF can the output remain OFF. Changing 
the threshold from 0.6 to 1.2 computes AND. In 
this case, only when both inputs are ON can the 
sum exceed the threshold and catalyze the output 
to be ON. 

In kinetics experiments, a reporter gate was 
used to provide an irreversible drain and to trans- 
form the output into a fluorescence signal. With 
exactly the same set of molecules (Fig. 2B) but 
different initial concentrations of the threshold, 
OR and AND computations were demonstrated 
(Fig. 2C). The AND gate behaved slower than 
the OR gate because the initial concentration 
of the threshold was higher, so it took longer 
for the upstream signal to exceed the threshold. 
Thanks to the thresholding and catalysis, even 
when the inputs were imperfect (0.1 was used 
for OFF inputs and 0.9 for ON inputs), the out- 
puts still achieved ideal OFF and ON signal levels, 
preserving the digital abstraction. 

Two-layer cascading was demonstrated with 
OR-OR, AND-OR, OR-AND, and AND-AND 
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ed in figs. $7, $8, and S9, respectively. Sequences of strands are listed in tables $2 and $3, circuits 7, 8, and 9, respectively. Experiments were performed at 


20°C, 1x = 100 nM, and 0.1x was used for OFF 
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and 0.9x for ON inputs. 
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(fig. S5). In all tested cases, the output went to 
the correct ON or OFF state. A three-OR cascade 
(fig. S6, A and B) and a four-OR cascade (fig. S6, 
C and D) also worked. The delay time required 
for circuit computation increased linearly with 
the number of layers (Fig. 3A). However, once 
the threshold for the output gate was exceeded, 
the signal increased at roughly the same rate as 
in the smaller circuit (Fig. 3B). In a circuit with 
four layers, two AND gates, and three OR gates, 
with 12 different combinations of inputs, the 
output went to clear and correct ON or OFF 
states in 8 hours (Fig. 3C). 

Because integrating gates support multiple 
inputs and amplifying gates support multiple 
outputs, logic gates built from a pair of them can 
easily support fan-in and fan-out. In a circuit with 
a four-input OR gate, only when all inputs from 
the upstream OR gates were OFF did the output 


A Vos = |VXaXox2% | 
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stay OFF (Fig. 3D). In a circuit with a four-output 
OR gate, each output copied the correct logic 
from the upstream OR gate (Fig. 3E). Circuits 
with a four-input AND gate and a four-output 
AND gate are shown in fig. S8C and fig. S9C, 
respectively. 

To demonstrate a digital circuit with an inter- 
esting function, we built a circuit that computes 
the floor of the square root of a four-bit binary 
number (Fig. 4A). It is not an optimized digital 
logic circuit; it is designed to showcase AND, OR, 
NOT, NAND, NOR, fan-in, and fan-out of logic 
gates, as well as fan-out of input signals. NOT gates 
are difficult to implement directly using represen- 
tations where the ON or OFF state of an input is 
determined by the presence or absence ofa single 
DNA species: A circuit might compute a false 
output before all input strands are added, because 
NOT gates already produce ON signals in the 


absence of their inputs, and for use-once circuits 
(such as seesaw circuits), computations cannot 
be undone. Therefore, we use dual-rail logic (fig. 
S10B). Each input is replaced by a pair of inputs, 
representing logic ON and OFF separately. Each 
logic gate is replaced by a pair of AND or OR 
gates. (Taking the NOR gate as an example, out- 
put being OFF is the OR of both inputs being 
ON; output being ON is the AND of both inputs 
being OFF.) Initially, the pair of inputs is absent, 
indicating that the logic value of this signal is un- 
known. At the beginning of computation, one in- 
put of the pair will be added, indicating either 
logic ON or OFF. In this way, no computation will 
take place before the input signals arrive. With 
dual-rail logic, ary AND-OR-NOT circuit can be 
transformed into an equivalent circuit with AND 
or OR gates only. Then, any AND-OR circuit can 
be further transformed into an equivalent seesaw 
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Fig. 4. A square-root circuit implemented with the seesaw DNA motif. (A) 
A digital logic circuit that computes the floor of the square root of four-bit 
binary numbers. (B) Abstract diagram of the seesaw circuit that is equiv- 
alent to the square-root digital logic circuit. x° and x} are dual-rail inputs 
of x;, and they represent logic OFF and ON, respectively (the same rule 
applies to the outputs). Each pair of seesaw gates implements an AND (A) 
or OR (v) gate. Each pair of dual-rail AND or OR gates implements one 
ANDNOT, OR, NAND, or NOR gate. Red dots indicate positive red numbers, 
specifying initial relative concentrations of free or bound signals; red cir- 
cles indicate negative red numbers, specifying initial relative concentra- 
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tions of thresholds or reporters. An example of a two-input, two-output OR 
gate is highlighted; full details are provided in fig. S10. (C) Kinetics 
experiments of the square-root circuit with all combinations of inputs from 
0000 to 1111. All 16 plots are shown separately in fig. $11. (D) Kinetics 
experiments that compute the square roots of 0, 1, 4, and 9. Trajectories 
and their corresponding outputs have matching colors. Dotted and solid 
lines indicate dual-rail outputs that represent logic OFF and ON, respec- 
tively. Sequences of strands are listed in tables $4 to $7. Experiments were 
performed at 25°C, 1x = 50 nM, and 0.1x was used for OFF and 0.9x for 
ON inputs. 
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circuit, with the construction we described above, 
and translated into DNA. The seesaw circuit that 
is equivalent to the square-root circuit in Fig. 4A is 
shown in Fig. 4B. This circuit has 74 initial DNA 
species, excluding inputs. When it runs, there are 
130 different DNA strands—consisting of 15 to 
33 nucleotides each—interacting within one test 
tube. With all possible inputs from 0000 to 1111, 
outputs went to the correct ON state or OFF state. 
The 16 plots are superimposed in Fig. 4C, and 
four selected examples are shown separately in 
Fig. 4D. 

As circuits grow in size, a general debugging 
tool would be useful. In addition to the four output 
reporters for the square-root circuit, we had a fifth 
reporter to read one arbitrary internal output at a 
time (fig. $12). To do so, only one extra wire that 
connects the target gate to the fifth reporter needed 
to be added to the circuit. This corresponds to a 
single bound signal strand as an additional output 
from the target gate. Internal outputs from an OR 
gate, an AND gate, and an ANDNOT gate were 
observed without disturbing the functioning of 
the square-root circuit (fig. S13). 

In our experiments, especially as the circuit 
size increased, we encountered issues related to 
sequence design and experimental conditions. For 
example, we added “clamps” to eliminate one type 
of leaky reaction (figs. $14 to $16), chose an op- 
timal toehold length (fig. S17), selected the syn- 
thesis procedure for DNA strands (fig. $18), and 
adjusted the running temperature (fig. $19). 

All components in seesaw circuits can be eas- 
ily obtained from single-stranded DNA precur- 
sors (fig. S20), which facilitates parallel synthesis 
using DNA microarrays and parallel circuit prep- 
aration (/9). During annealing, intramolecular hair- 
pins form first and become kinetically trapped 
before other intermolecular reactions occur (20). 
Then, the undesired stem-loop fragments can be 
removed by restriction enzyme digestion or photo- 
cleavage. Kinetics experiments showed that 
thresholding and catalysis by a single seesaw gate 
worked well with DNA complexes prepared from 
hairpins (fig. S21). 

The simple and systematic architecture for 
seesaw circuits made it possible to build quanti- 
tative models and to compile digital logic net- 
works all the way to their DNA implementations. 
With just five rate constant parameters, our mod- 
els fit single-gate data well (figs. S22 and S23) 
and semiquantitatively reproduced all other ex- 
perimental data (figs. S24 to $31). The compiler 
[figs. S32 and S33; see also (2/)] automatically 
translates any feedforward logic circuit into its 
equivalent seesaw circuit and DNA sequences, 
generates Mathematica and Systems Biology 
Markup Language (SBML) (22) code for simu- 
lations at the chemical reaction level, and gen- 
erates DNA strand displacement calculus (DSD) 
(10) code for visualization and simulation at the 
domain level. 

Three general principles guided us in success- 
fully scaling up the complexity of DNA strand 
displacement circuitry. Simplicity: With just three 


basic reactions (seesawing, thresholding, and 
reporting) involving just four types of active spe- 
cies (free or bound signal, threshold, and reporter) 
comprising no more than two short strands, it is 
possible to develop a detailed understanding that 
generalizes to all units in a complex network. 
Abstraction: With five levels of hierarchical ab- 
straction (DNA sequence, DNA domain, seesaw 
circuit, dual-rail logic, and AND-OR-NOT logic), 
design and analysis can take place at a higher level 
while neglecting irrelevant details. Zolerance: Sig- 
nal restoration within every logic operation en- 
sures that the digital abstraction is maintained 
even when synthesis and operational defects are 
inevitable. 

Despite the speed, robustness, and straight- 
forward sequence design of seesaw circuits, fur- 
ther scaling up will encounter challenges such as 
increased spurious binding that slows down the 
desired reaction rates and decreases the effec- 
tiveness of the thresholds. We expect that these 
challenges can be partially addressed by im- 
proved sequence design and by running reactions 
at lower concentrations (see supporting online 
material). However, a better solution would be 
to transition from solution-phase circuitry to cir- 
cuitry organized on a surface, such as DNA 
origami (23-25), where adjacent DNA gates can 
interact without diffusion, spurious interactions 
are limited to immediate neighbors, and sequen- 
ces can be safely reused in spatially separated 
locations. 

A picture is now emerging for the future of 
DNA strand displacement circuitry. Proposals for 
systematic design of circuits with analog behavior 
(9) and systems that exploit spatial structures (26) 
make use of DNA complexes only moderately 
more complex than those used here. The prob- 
lems of making reusable DNA gate components 
(27) powered by a single universal fuel (28) are 
being tackled. It is not yet clear what limits the 
amount of intelligence (29) that purely nucleic acid 
systems can exhibit. 

As with other DNA strand displacement 
cascades, seesaw circuits can be applied to the 
embedded sensing and control of various mo- 
lecular events by adapting biological signals such 
as microRNAs (//), small molecules (30), and 
proteins (3/) as inputs or outputs. Moreover, the 
seesaw motif is structurally similar to microRNAs 
and small interfering RNAs (32, 33)—all are 
short duplex nucleic acids with single-stranded 
overhangs processed from hairpins—hinting at 
the possibility that strand displacement circuitry 
may play an important, although still obscure, 
regulatory role within biological cells. 
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Crystal Structure of the Maltose 
Transporter in a Pretranslocation 


1202 


Intermediate State 


Michael L. Oldham and Jue Chen* 


Adenosine triphosphate (ATP)—binding cassette (ABC) transporters convert chemical energy from 
ATP hydrolysis to mechanical work for substrate translocation. They function by alternating 
between two states, exposing the substrate-binding site to either side of the membrane. A key 
question that remains to be addressed is how substrates initiate the transport cycle. Using x-ray 
crystallography, we have captured the maltose transporter in an intermediate step between the 
inward- and outward-facing states. We show that interactions with substrate-loaded maltose-binding 
protein in the periplasm induce a partial closure of the MalK dimer in the cytoplasm. ATP binding 
to this conformation then promotes progression to the outward-facing state. These results, 
interpreted in light of biochemical and functional studies, provide a structural basis to understand 


allosteric communication in ABC transporters. 


ctive transport systems transfer substrates 
A= a membrane against a concentra- 

tion gradient by coupling to a thermody- 
namically “downhill” reaction. In the prevailing 
alternating access model, the transporter cycles be- 
tween two conformations, alternately exposing a 
substrate-binding site to either side of the mem- 
brane (/). Crystal structures of homologous trans- 
porters in multiple conformations provide insights 
into the changes that mediate alternating access 
(2-8). It is becoming clear that the two-state model 
may be an oversimplification of active transport- 
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Fig. 1. Structure of the 
maltose transporter in 
a pretranslocation con- 
formation. (A) Ribbon rep- 
resentation (left) and a 
surface slab view (right) of 


A 


the pretranslocation con- = BP 
formation. Maltose mole- 

cules are shown in stick _ periplasm 
model (red, O atom; gray, yi 

C atom). (B) Surface rep- 

resentation of MalF and = aia 
MalG viewed from MBP, cytoplasm 
showing the fingerprint of 

MBP at the membrane 

surface in both the pre- Malls 
translocation and outward- = Maik 


facing states. Atoms of 
MalFG within 5 A of MBP 
are colored in magenta. 
Periplasmic loops are 
labeled; the MalF P2 
loop is removed for 
clarity. 
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ers; intermediate steps are likely to be involved to 
channel energy from internal and external 
sources to enable the transition between the 
inward- and outward-facing states. 

Adenosine triphosphate (ATP)}-binding cas- 
sette (ABC) transporters offer an opportunity to 
elucidate a detailed mechanism of active transport. 
Crystal structures of many isolated nucleotide- 
binding domains (NBDs) [reviewed in (9)], as 
well as full-length transporters, have been reported 
(2, 10-16). Together, these structures show that 
all ABC transporters contain two cytosolic NBDs 
attached to two transmembrane domains (TMDs). 
While the various conformations adopted by 
these different structures indicate how rigid-body 
rotations of the TMDs can coincide with closing 
and opening of the NBD interface [reviewed in 


pre-translocation 


(/7)], our understanding of how the presence 
of transport substrate is communicated to the 
NBDs to initiate the transport cycle remains 
incomplete (/8). 

We used the maltose transporter (MalFGK>) 
from Escherichia coli as a model system to an- 
alyze the molecular events that couple ATP hy- 
drolysis to substrate translocation. The maltose 
transporter is an importer composed of two TM 
subunits, MalF and MalG, and two subunits of a 
cytoplasmic adenosine triphosphatase (ATPase), 
MalK. Like many uptake systems in Gram-negative 
bacteria, a periplasmic maltose-binding protein 
(MBP), is required to stimulate the ATPase 
activity of the transporter (/9). In the absence of 
maltose, MBP exists in equilibrium between an 
open and closed conformation (20-24), and 
binding of maltose stabilizes the closed confor- 
mation. Two structures of MalFGK, were de- 
termined by x-ray crystallography (2, 3). In the 
absence of MBP, MalFGK, forms an inward- 
facing conformation with the TM maltose-binding 
site exposed to the cytoplasm (3). An outward- 
facing conformation, crystallized in complex with 
open MBP and ATP, shows that closure of the 
NBDs of Malk is concomitant with the transfer 
of maltose from MBP to the TM subunits (2). These 
structures capture two states in the transport cycle: 
The inward-facing conformation represents the 
resting state where the transporter has a very low 
ATPase activity (9), and the outward-facing con- 
formation represents a catalytic intermediate 
where ATP is poised for hydrolysis. Because 
MBP stimulates ATP hydrolysis and initiates the 
transport process (/9), it must interact with the 
resting state conformation to form a “pretrans- 
location” (pre-T) complex that is metastable in 
order to advance to the outward-facing confor- 
mation in the presence of ATP (25). Here, we 


outward-facing 
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present the crystal structure of the initial complex 
formed between closed MBP and MalFGK, 
(Fig. 1A), As an essential intermediate between 
the inward- and the outward-facing conforma- 
tions, this structure suggests a mechanism by 
which substrate bound on the periplasmic surface 
influences the conformation of the NBDs at the 
intracellular surface. 

The pre-T complex was obtained by co- 
crystallizing MalFGK> in the presence of malt- 
ose with either wild-type (WT) MBP or the 
MBPGeoc/s337c) Mutant [see supporting online 
material (26)]. The MBP(geoc/s337c) Mutant con- 
tains two cysteines that form an interdomain di- 
sulfide bond, stabilizing the closed, substrate-bound 
conformation (27). The two pre-T complex struc- 
tures are identical, with an overall root mean 
square deviation (RMSD) less than 1.0 A (fig. 
$1). Crystals obtained using the MBP(G69cvs337¢) 
mutant diffracted anisotropically to a slightly 
higher resolution of 3.1 A (tables S1 and S2), and 
thus are used here to describe the pre-T state. 

The crystal structure of the pre-T complex con- 
tains five subunits: MBP in a maltose-bound, 
closed conformation; the two transmembrane sub- 
units MalF and MalG encapsulating an occluded 
maltose-binding pocket; and a semi-open MalK 
dimer with no nucleotide bound (Fig. 1A). The 
configuration of the pre-T state lies between the 
inward- and outward- facing states, thus repre- 


Fig. 2. The pretranslo- a 
cation state is an inter- 
mediate conformation 
between the inward- and 


: periplasm 
outward-facing states. 
(A) Cartoon represen- 
tation of three different cytoplasm 


states of the transport 

cycle. Maltose is shown 

asablack ball. Theopen B 
and filled circles in MalK 
represent empty and oc- 
cupied ATP binding sites, 
respectively. (B) Structure of 
transmembrane maltose- 
binding site observed in 
the three states. For clar- F 
ity, only two helices from \ 
each TM subunit are shown. 
Residues forming the 
periplasmic and cytoplas- 
mic gates are shown in 
space-filling model. Malt- 
ose is shown in ball-and- 
stick model. (C) Surface 
representations of the 
nucleotide-binding do- 
mains (NBDs) in the three 
states. The RecA-like and 
the helical subdomains 
are differentiated by col- 
or shade. The D loop and 
the Walker A (WA) motifs 


cytoplasm 


helical 


inward-facing 


periplasm ~Dvae vay 


| RecA-like 


are labeled. The rotation of the helical subdomain with respect to the RecA-like domain during transition from the pretranslocation state to the outward-facing 
conformation is indicated. 


senting an intermediate in the alternating access 
model (fig. S2 and movies S1 and $2). 

The structure of MBP is very similar to that of 
isolated MBP in the closed form (23) (RMSD of 
0.48 A for 370 Ca), indicating that neither inter- 
actions with MalFGK, nor the introduced di- 
sulfide bond alter the conformation of the binding 
protein (fig. S3). At the membrane surface, the 
two lobes of MBP interact with MalF and MalG, 
and the circular interface is smaller than that ob- 
served in the open MBP, outward-facing structure 
(Fig. 1B). The total buried surface at the interface 
is 2438 A? in the pre-T complex and 2872 A? in 
the outward-facing complex (2), which also con- 
tains 15 more hydrogen bonds or salt bridges, con- 
sistent with the higher affinity shown in biochemical 
studies (28). 

The TM region of the transporter can be divided 
into two units, one consisting of MalF TM1-3 and 
MalG TM2-6, and the other consisting of MalG 
TMI and MalF TM4-8 (Fig. 1A and fig. $4). 
During the transition between different confor- 
mational states, these two TM units move relative 
to each other as rigid bodies. In addition to the 
maltose molecule present in the closed MBP, a 
second maltose molecule was identified in the 
TM site of the pre-T structure (Fig. 2). This TM- 
bound maltose is likely nonphysiological in the 
pre-T state, caused by the high concentration of 
maltose used in crystallization, but it shows that 


pre-translocation 


2 
WwW 


helical 


RecA-like 


REPORTS [ 


residues contacting maltose can adopt the same 
conformation as observed in the outward-facing 
structure. Access to the binding site in the pre-T 
state is restricted from both sides of the mem- 
brane. The periplasmic gate, similar to that in the 
inward-facing structure, is formed by residues at 
the intersection of kinked TM helices, including 
V230, P231 of MalG and F441, V442 of MalF 
(Fig. 2B and fig. SSA). However, the config- 
uration of the cytoplasmic gate is different than in 
either the inward- or outward-facing structures. 
In contrast to the outward-facing structure, in which 
MalG TM 4, 5 and MalF TM 6, 7 form a tightly 
packed helix bundle near the membrane inner 
leaflet, in the pre-T state these helices are sepa- 
rated, except for residues T176, L221 of MalG 
and Y383, L429 of MalF, which create van der 
Waals interactions to shield the TM maltose- 
binding site from the cytoplasm (Fig. 2B and 
fig. SSB). 

The structure of the MalK dimer resembles a 
pair of tweezers with a fulcrum point formed by 
the two regulatory domains and pincers formed 
by the two NBDs that open and close depending 
on the ATP hydrolysis state (fig. $2) (29). The 
outward-facing TMDs coincide with a closed MalK 
dimer, in which two ATP molecules are bound 
at the dimer interface (Fig. 2C). In the inward- 
facing, resting state, the MalK dimer relaxes to an 
open configuration, in which the NBDs are well 


outward-facing 


helical 
RecA-like 
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Fig. 3. ATP binding to the 


separated from each other. In the pre-T state, the 
Malk dimer is semi-open, as the distance be- 
tween the two NBDs is between those of the 
open and the closed forms (Fig. 2C and fig $2). 
The structure of a NBD monomer can be divided 
into two subdomains: a RecA-like subdomain 
containing the Walker A/B motifs that are found 
in many ATPases and a helical subdomain that is 
specific to ABC transporters. The relative ori- 
entations between the RecA-like and the helical 
subdomains are similar in the resting state and 
pre-T state. In contrast, transition from the pre-T 
state to the outward-facing state involves a 15° 
rotation of the helical subdomain in addition to 
the movement of the entire NBD (Fig. 2C). Con- 
sistently, EPR studies demonstrated that in de- 
tergent solutions and in lipid bilayers, the helical 
subdomain rotation occurs only in the presence 
of both adenylyl-imidodiphosphate (AMP-PNP) 
and maltose-MBP (30). 

One key feature of the pre-T state is that the D 
loops are located at the MalK dimer interface 
(Figs. 2C and 3A). D165 of the D loop is highly 
conserved among members of the ABC trans- 
porter family, and mutations at this position sub- 
stantially reduce ATPase activity (37). In the pre-T 
complex, D165 and A166 make H-bonds to the 
Walker A S38 and H192 of the opposite subunit, 
respectively (Fig. 3A). In the closed-dimer form 
of the outward-facing state, both $38 and H192 
interact with the y-phosphate of ATP (Fig. 3A). 
ATP binding would perturb the pre-T structure 
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green. 


by causing local conformational changes of $38, 
H192 and the D loop, thereby initiating progres- 
sion toward the outward-facing conformation. 
In contrast, in the inward-facing resting state, 
where MBP is absent, the Walker A/B motifs 
are distant from the dimer interface (Fig. 2C); 
thus, ATP binding would not induce such a 
global structural rearrangement necessary for 
hydrolysis. 

To further investigate the effect of ATP bin 
ing, we took advantage of the fact that pre-T 
crystals were obtained using both maltose-loaded 
WT MBP and the locked closed MBP mutant. 
After soaking with the nonhydrolysable ATP analog, 
AMP-PNP, both the WT and the mutant crystals 
diffracted anisotropically to about 3 A resolution 
(tables S1 and S2); however, the resulting struc- 
tures were different. AMP-PNP soaking of the 
WT MBP-MalFGK; resulted in a complete con- 
version to the outward-facing conformation, witl 
clear density for the entire AMP-PNP molecule 
(Fig. 3B and fig. S6). In contrast, crystals with the 
MBPGe9c/s337c) Mutant remained in the pre-T 
conformation, with AMP-PNP bound to the Walker 
A motif of each MalK subunit (Fig. 3B and fig. 
S6). The electron-density map showed density 
corresponding to the adenoside, the o- and B- 
phosphates, and the Mg”* ion, but not the y- 
phosphate of the nucleotide (Fig. 3B), suggesting 
that the y-phosphate is disordered in the semi- 
open Malk configuration. These data suggest 
that the formation of the closed NBD dimer in 


pretranslocation state promotes progression to the 


outward-facing state. (A) Interactions between the D loop and Walker A motifs 
in the pretranslocation and outward-facing states. Hydrogen bonds between 
either D165 or A166 to the Walker A S38 and switch H192, respectively, of 
the opposite subunit are indicated by dashed lines. (B) Binding of AMP-PNP to 
the pretranslocation crystals containing cross-linked MBP or WT MBP. Shown 
is the ATP binding site, together with nonweighted F,-F, electron density 
maps (blue) contoured at 2.50 with the nucleotide omitted. AMP-PNP is 
shown in stick model. The two MalK subunits are distinguished in red and 


the outward-facing state is necessary to orient 
the y-phosphate for hydrolysis. Consistently, in 
high-resolution structures of monomeric NBDs, 
although densities were observed for the y- 
phosphate, its position varies among different 
structures (32-35). 

Upon closing the NBD dimer, the LSGGQ 
motif from the opposing subunit is located at the 
ATP binding site (Fig. 3B). The LSGGQ motif, 
also known as the signature motif, is highly con- 
served in ABC transporters and is essential for 
ATPase function (36, 37). Its role in orienting the 
‘y-phosphate is reminiscent of the “arginine finger” 
in many RecA-like ATPases (38). For example, in 
the structure of F,-ATPase, the arginine finger 
(R373) from the o subunit inserts into the catalytic 
B subunit in a position equivalent to that of the 
LSGGQ motif (39) (fig. S7). In F}-ATPase, ATP 
binding and hydrolysis modulate the interface 
between the a and B subunits (40). Analogously, 
in ABC transporters, ATP hydrolysis is coupled 
to opening and closure of the NBD dimer in- 
terface, which in turn are linked to the orienta- 
tions of the substrate-binding site relative to the 
membrane. 

Electron paramagnetic resonance (EPR) studies 
demonstrated that in detergent solutions in the 
presence of MBP, AMP-PNP induces formation 
of the outward-facing conformation (4/). Here, the 
same conformational changes occurred inside the 
crystal lattice. The structural rearrangements are 
substantial, including opening of the two lobes of 
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Fig. 4. An extended al- 
ternating access model 
for ABC importers. When 
maltose diffuses into the 
periplasm through the 
outer-membrane chan- 
nel maltoporin, it binds 
to MBP and stabilizes a 
closed conformation that 
interacts with the resting 
state MalFGK,. Binding 
of MBP to MalFGK; brings 
the NBDs closer such that 
ATP would promote a 


periplasm 
LY) 


inward-facing + ATP. 


binding 
protein 


substrate (2) 
ot 
— 
is} a 
ATP. La 
— —— 


inward-facing pre-translocation 


fe) 
ATP 


ADP + substrate >| 


concerted motion of MalK closure, reorientation of the TM 
subunits, and opening of MBP. Formation of the outward- 


facing conformation transfers maltose from MBP to the TM 
binding site and, at the same time, positions ATP at the 
catalytic site for hydrolysis. Although a crystal structure of the 


9 ATP hydrolysis 
. 
post-hydrolysis a 


posthydrolysis state of the entire transporter is still lacking, Pi 
EPR studies and analysis of the isolated NBD structures 
suggest that ADP is not sufficient to stabilize the closed dimer 


conformation (41, 43, 44). Thus, once ATP is hydrolyzed, the 


TMDs will likely reorient toward the cytoplasm 


outward-facing 


and the 


substrate will be released into the cell though diffusion. 


MBP, rotations of the TM domains, and closure 
of the MalK dimer. Usually such large-scale con- 
formational changes would destroy a crystal; 
however, in this case, both conformational states 
crystallize in the same triclinic space group with 
similar packing arrangements (fig. S8), fortuitously 
allowing the conversion within the crystal. Preven- 
tion of MBP opening by an introduced disulfide 
between its two lobes (G69C/S337C) effectively 
locks the crystals in the pre-T state, suggesting that 
the conformational changes involved in the tran- 
sition are tightly coupled. 

The crystal structure of the pre-T conforma- 
tion extends our knowledge of how coordinated 
motions in the maltose transporter are communi- 
cated more than 80 A across the membrane to 
allow active transport (Fig. 4). In the absence of 
MBP, the resting state MalFGKz has little ATPase 
activity (/9), indicating that there is an energetic 
barrier between the inward- and outward-facing 
conformations that cannot be overcome by ATP 
binding alone. EPR studies have shown that bind- 
ing of both MBP and ATP are required to form 
the outward-facing conformation (4/). The crystal 
structure of the pre-T state shows that MBP induces 
rotations of the transmembrane subunits and a 
partial closure of the MalK dimer, bringing two 
catalytic residues, the Walker A S38 and switch 
H192, to the dimer interface. In contrast to the 
resting state, ATP binding to the pre-T state drives 
progression to the outward-facing state, indicating 
that MBP binding lowers the energy barrier for 
closure of the MalK dimer necessary for ATP 
hydrolysis. MBP binds in the closed form to in- 
duce the pre-T state, thus explaining the well- 
known enhancement of ATP hydrolysis by maltose 
(/9). This property of the maltose transporter and 
MBP emphasizes the important role of the sub- 


strate in regulating the ATPase activity by stab- 
ilizing a specific conformation of the binding 
protein that productively interacts with the trans- 
porter. Genetic data have shown that the require- 
ment of MBP to activate ATP hydrolysis can be 
bypassed by mutations in the transmembrane 
subunits (42). Mapping these mutations into 
the structure suggests that they destabilize the 
resting state, equivalent to lowering the energy 
barrier between the inward- and outward-facing 
states (3). 
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Residue-Specific Vibrational Echoes 
Yield 3D Structures of a 
Transmembrane Helix Dimer 


Amanda Remorino,* Ivan V. Korendovych,” Yibing Wu,” William F. DeGrado,” Robin M. Hochstrasser** 


Two-dimensional (2D) vibrational echo spectroscopy has previously been applied to structural 
determination of small peptides. Here we extend the technique to a more complex, biologically 
important system: the homodimeric transmembrane dimer from the o chain of the integrin o,,83. 
We prepared micelle suspensions of the pair of 30-residue chains that span the membrane in the 
native structure, with varying levels of heavy (**C="80) isotopes substituted in the backbone of 
the central 10th through 20th positions. The constraints derived from vibrational coupling of the 
precisely spaced heavy residues led to determination of an optimized structure from a range of 
model candidates: Glycine residues at the 12th, 15th, and 16th positions form a tertiary contact 
in parallel right-handed helix dimers with crossing angles of —58° + 9° and interhelical distances 
of 7.7 + 0.5 angstroms. The frequency correlation established the dynamical model used in the 
analysis, and it indicated the absence of mobile water associated with labeled residues. 


Delocalization of vibrationa 


(2D-IR) has been used to obtain confor- 
mations of small peptides (2-6) from the 
strength and polarization characteristics of the 
spectral crosspeaks using principles analogous to 
those of 2D nuclear magnetic resonance (NMR) 
(7). Nevertheless, it remains a major challenge 
to apply 2D-IR to obtain structures of larger sys- 
tems, such as proteins, where many more con- 
straints are needed. We have now successfully 
used 2D-IR to determine the tertiary structure ofa 
homodimeric transmembrane (TM) dimer from 
the o chain of the integrin o,B3, which me- 
diates the binding of fibrinogen to platelets. The 
TM domain from this integrin, which preserves 
the native state, forms homodimers in micelles 
and bacterial membranes (8), facilitating its study 
in isolation from the rest of the protein. 

The high degeneracy of the amide transitions 
in helical proteins complicates efforts aimed at 
extracting structural constraints with the use of 
vibrational spectroscopy. This difficulty is over- 
come by carbon and oxygen isotope replacements 
in the carbonyl groups of amide units, which shift 
the vibrational frequencies beyond the natural 
bandwidths in the infrared, enabling resolution 
of individual and pairs of residues. Therefore, a 
residue-level set of constraints is achievable even 
for a large system. In addition, 2D-IR reveals the 
dynamics of the frequency distributions of the 
vibrations of each residue, which are sensitive to 
the presence of water molecules (9, /0). Protein 
conformations that interchange more slowly than 
~1 ps and that are averaged in NMR become 
accessible as discrete, exchanging transitions in 
2D-IR spectroscopy, which can become a stan- 


T wo-dimensional infrared spectroscopy (/) 


“Department of Chemistry, University of Pennsylvania, Phila- 
delphia, PA 19104-6323, USA. “Department of Biochemistry 
and Biophysics, University of Pennsylvania School of Medicine, 
Philadelphia, PA 19104-6059, USA. 


ndence should be addressed E-mail: 


3 JUNE 2011 


excitations between the helices was also quantitatively established. 


dard method to determine structures and struc- 
tural dynamics (//). 

Our experimental concept relies on the fact 
that molecular vibrational excitation creates an 
oscillating dipole that is sensed by nearby mol- 
ecules through electrostatic interactions. The os- 
cillatory transfer of the vibrational excitation to a 
near resonant vibrator depends on the inverse 
cube of the separation and on the absolute square 
and orientation of the vibrational transition di- 
poles. This quantum mechanical effect delocalizes 
the vibrational excitations of the peptide on (/2) 
or between (/3) backbones. The microscopic sit- 
uation prevailing in the present experiments is 
illustrated schematically in Fig. 1. The relatively 
large isotope shift (~65 cm‘) from substitution 
of '3C='80 into the peptide backbone strongly 
localizes the amide vibration. If there is also a 
'3C='80 label on the same residue of the neigh- 
boring helix of a transmembrane dimer, the vi- 
brational mode may become delocalized over the 
pair of isotopically isolated vibrational states on 
the different helices. However, if only one helix 
of the dimer has the isotopic substitution or if 
the resonance pair separation is too large, the 
mode will remain localized. Therefore, if made 


Fig. 1. Schematic de- 
piction of three possible 
situations present in the 
isotope dilution experi- 
ment. The nearby and dis- 
tant cases depict 100% 
3¢="°0 substituted sam- 
ples and their localized 
transition dipoles (red ar- 
rows). In the nearby case, 
the dipoles interact con- 
siderably through space 


100% (nearby) 


from mixtures of isotopically substituted and 
unsubstituted peptides, the TM dimers will con- 
sist of structures having both localized and de- 
localized pair modes, depending on the residue 
and isotope dilution. The spectral differences be- 
tween the diluted and undiluted samples provide 
constraints to determine the 3D structure of the 
dimer. These differences arise only from electro- 
static interactions, because the amide I modes on 
different helices have vanishingly small charge 
overlap. 

Interhelical contacts between nearby amides 
were detected in the NMR structure of the TM 
domain of the homodimeric protein glycophorin 
A by MacKenzie et al. (14). This finding sug- 
gested that it might be possible to solve structures 
of membrane proteins by 2D-IR if two method- 
ological and theoretical challenges could be met. 
First, methods of sample preparation and spec- 
troscopic measurements would have to be suf- 
ficiently well optimized to process multiple labels 
scanned through the interaction site of the TM 
helices. Second, the coupling between the amide 
oscillators would be needed for input into com- 
putations of protein structures. Here we provide 
the spectroscopic and theoretical underpinnings 
necessary to allow deconvolution of the 2D-IR 
spectra into static versus dynamic components, 
and then we derive spectral parameters to guide 
de novo structure determination of the weakly 
interacting oy, homodimer (8). 

We prepared this peptide with varying de- 
grees of '3C='8O incorporation (/5) at each of 
the residues in the central L10 to L20 span (/6). 
Based on knowledge of the typical sequences of 
interacting regions of TM dimers (/4) and mu- 
tagenesis studies of the oj, homodimer (8), we 
anticipated that this region would encompass 
some amides on different helices undergoing 
measurable interactions. We then applied 2D-IR 
spectroscopy to micelle-embedded samples of 
these peptides in solution. The 2D-IR spectra (6) 
displayed in Fig. 2 are plots of the coherence fre- 
quency @, introduced by the pump laser versus 
the coherence frequency « probed for various 
waiting times (7) between the second and third 
infrared pulses of the three-pulse echo experi- 
ment. The two overlapping regions with opposite 
signs correspond to the v = 0—1 transition (red) 


‘ Dilute 100% (distant) 


to cause tertiary delocalization of the vibrational excitation. In the dilute case, a *7C="80 residue experiences 
a localized excitation. In the distant case, the excited residues are not close enough to interact, so the 


spectrum does not depend on isotope dilution. 
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and to the v = 1-2 transition (blue) (where v is 
the vibrational quantum number). The elongation 
along the diagonal of the 2D axes indicates the 
distribution of vibrational frequencies exhibited 
by the distribution of dimer structures. 

The data for G12 and L14 in Fig. 2 illustrate 
the residue dependence of the 2D-IR line shapes 
at different isotope dilutions. The spectra for the 
mixtures of the nine remaining residues are pre- 
sented in fig. S6. These 2D-IR spectra were ta- 
ken at 7= 300 fs. The 2D-IR spectral shapes, as 
judged by the diagonal and antidiagonal widths 
and the slopes (/7), were found to be identical at 
T = 300 and 1500 fs. The shapes were constant 
during these 7 intervals. This result, which can- 
not be obtained from linear spectroscopy, com- 
pletely specifies the dynamical picture needed to 
compute the spectra. The decay of the 2D-IR sig- 
nal of the 'C='80 amide-I band yielded popula- 
tion decay time, 7), of 800 + 100 fs for all residues 
[see the supporting online material (SOM)]. 

The °C ='8O amide I transition of each res- 
idue is indicated in Fig. 2 with a dashed horizon- 
tal yellow line at w, between 1582 and 1602 cm™!. 
Two main features are central: (i) The line shape 
for the 100% '°C ='8O sample is broader than 
that for the 10% sample in the case of G12, but 
the corresponding line shapes are almost the same 
for L14. (ii) In spectra of the 10% samples, G12 
shows a circular 2D-IR peak, whereas L14 shows 
a more diagonally elongated peak. The spectral 
broadening of G12 in the 100% '3C ='8O sample 
spectrum is a result of the through-space coupling 
between the resonant pair of isotopically replaced 
residues. The interactions were evaluated from 
the trace of the 2D-IR spectra along the line 
©, = @,+c where c= 2.5 cm ! is the frequency 
difference between the maxima of the '°C='*8O 
peaks and the diagonal line. The results for G12, 


Fig. 2. 2D-IR correlation spectra 
and FTIR spectra with different 
concentrations of **c=*°0 iso- 
topic substitution on residues 
G12 and L14. The mixtures of 
*8c="80 labeled and unlabeled 
(#c=160) helices are given as 
the percentage of the sample 
that is ?c="°0. (Left) Contour 
plots showing 2D-IR correlation 
spectra of peptides substituted 
to the extent indicated (10 to 
100%) with **c=*90 at the 
G12 and L14 residues. The spec- 
tra were taken at T= 300 fs and 
a t range of —2800 to 3200 fs. 
The dashed yellow lines indi- 
cate the peak frequency assigned 
to the *c="80 amide | transi- 
tion. The corresponding 2D-IR 


1570 


diagonal traces for the 100 and 10% samples are shown in (C) and (D), 
respectively. (Right) Subtracted FTIR spectra of (A) 100% and (B) 10% 
13¢="80 substituted samples at G12 and L14 are shown. The normalized 
experimental results (black solid lines) were fitted with the model explained in 
the text (blue dashed lines). For G12, the 100% sample peaks are broader 
than the 10% sample peaks in the FTIR [(A) versus (B)] and in the 2D-IR [(©) versus 


where the isotopomer concentration effect is ev- 
ident, and L14, where it is not, are shown in 
Fig. 2, C and D (see fig. S6 for the other nine 
residues). 

The '°C="80 transitions in the diluted sam- 
ples, which are so clearly visible in the 2D-IR 
spectra of all the isotopomers, are not directly 
obtainable from the 1D Fourier transform in- 
frared (FTIR) spectra, in which optical densities 
are less than ~0.001. The 2D-IR spectral signals 
depend on the fourth power of the transition di- 
pole moment so that, for a given absorbance, they 
are proportional to the extinction coefficient of 
the transition. These factors cause considerable 
suppression of signals with low extinction co- 
efficients like DO and the tail of the main-band 
amide I absorption. The FTIR spectra shown in 
Fig. 2, A and B, for G12 and L14 were processed 
using information from the 2D-IR spectra, as ex- 
plained in more detail in the text accompanying 
figs. S2 to S4, where FTIR data for the remaining 
nine residues are given. 

An important result is the variation of non- 
linear and linear spectral properties with the 
position of the residue along the sequence. For 
example Fig. 3, A and B, shows the alternation 
with residue number of the spectral widths of the 
2D-IR diagonal traces and FTIR spectra of the 
'3C='80 transitions. The repeat separation is three 
to four residues. The amplitude of the alternation 
effect is caused mainly by the excitonic coupling 
between the labeled sites of a dimeric helix. A 
smaller amplitude alternation is also seen in the 
10% samples, which indicates that, even when 
free from coupling, the signals are sequence- 
location sensitive. The dilute (10%) 2D-IR spec- 
tral widths in Fig. 3A alternate one helix turn out 
of phase with the other signals (see SOM). Al- 
ready, without quantitative analysis, we can posit 


L10% | 
1590-1610 1570 1590-1610 
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that the residues V11 to L17 are bracketing the 
main crossing interactions between the two heli- 
ces. However, to proceed further, it is necessary 
to develop a quantitative description of these 
spectra to obtain the through-space coupling con- 
stants needed as structure constraints. 

The residue positional dependence of the dif- 
ferences between 2D-IR spectra at different iso- 
tope dilutions is essential to the determination of 
the coupling constants. The peptide links in dif- 
ferent helices of a dimer are always separated by 
more than ~4 A, which is the shortest separation 
seen in the very stable dimer of glycophorin A 
(GPA) (/4). Hence, the differences between the 
100% and 10% shapes must be solely caused 
by the electrostatic interaction of the transition 
charge distributions associated with the excita- 
tion of the amide I mode. Therefore, an exciton 
model, in which two local '3C='80 sites on each 
helix couple through space to form new states 
that are linear combinations of the local ones, was 
used to describe them. The dynamics of these 
delocalized states are determined by their popu- 
lation and pure dephasing relaxation. The 7 in- 
variance of the 2D-IR spectral shapes implies that 
the distribution of vibrational frequencies con- 
stituting the band shapes of the spectra remains 
constant. This result prompts the use of a dy- 
namical model in which the frequency-frequency 
correlation function C(T) has two components, 
one of which decays more quickly and the other 
much more slowly than the inverse bandwidth of 
the IR spectrum. The quickly decaying compo- 
nent gives rise to a homogeneous dephasing, 7}, 
of each of the transitions, and the ultraslow decay 
introduces an inhomogeneous width, o. Hence, 
the signals are represented by Lorentzian func- 
tions averaged over fixed distributions of the fre- 
quency. The few-picosecond decay that occurs 


male 
222 


1585 1595 1605 


ra) fem") 


1585 1595 1605 


(D)] spectra, whereas the data for L14 show no significant difference in peak widths 
for different isotopic dilutions. The peak at ~1601 cm~ in panel (D) of G12 is a 
weak transition that becomes evident in the 10% samples where the signal-to- 
background ratio is reduced. It is definitely not related to the c="80 amide 
| transition, so it was readily subtracted and removed from the analysis (see 
SOM and fig. $7). Abs, absorbance; NDT, normalized diagonal trace. 
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when C(T) is influenced by water molecules near 
the amide groups is absent in the signals, from 
which we conclude there is no mobile associated 
water in the sense of (9, /0) for any residue. 

Each isotopically selected dimer in the 
ensemble contributes two site transitions to the 
inhomogeneous distribution of frequencies. 
Deviations of these frequencies from their means 
are assumed to be uncorrelated on the basis that 
they are caused by independent, local forces on 
modes of different helix backbones. The exciton 
states (here referred to as |+) and |-)) originate 
from the perturbation of the v = 1 states by 
intersite, dipole-dipole electrostatic interactions of 
v = 0-1 transitions. For the computation of the 
spectra, the linear and nonlinear (/8) response 
functions are calculated in the basis of these 
eigenstates. The exciton eigenfrequencies and 
transition dipole vectors are readily expressed in 
terms of the pair state variables @ and », where 
tan® = 2|B\/o2 and B = |Ble"®, where «1, is the site 
frequency gap, B is the coupling, and i 
Equation | is the linear infrared spectral shape, 
Srrir(@), of the amide I transitions of the 8C="80 
labeled residues involving components at wo: be- 
tween the ground state and the resonance pair states 
|+), with fio, being the transition dipoles and Yo. 
the homogeneous dephasing rates 


Srrir(@) = FRe 
[Hig P 
i(@o-— ©) ==) 
(1) 


The 2D-IR spectra (Eq. 2 and SOM) are 
constructed from different Liouville pathways 
(/8) that involve all the exciton one and two 
quantum excitations (/9) at T= 300 fs. Equation 
2 shows the contribution to the spectrum from 
one typical 2D-IR response function in the fre- 
quency domain, with all the broad bandwidth 
incident fields sharing the same polarization and 
transitions between the same exciton levels 
involved in each step of the nonlinear interaction 
(the Liouville diagrams and analytical forms for 
the others are shown in the SOM). In Eqs. 1 and 
2, the joint average denoted by angle brackets is 
taken over the two-site frequency distributions 
assumed to be uncorrelated Gaussians having 
width o 


gi tte 
i(@o+ — @) + Yor 


Ri(@, = a, o = oy +0) = ZRe 
-r/tij7 4 

* é TIM Wig, | 

li(@o — @4) + Yo. ][(@+0 — o4 


i) al 
(2) 


The frequency @, is the diagonal trace; the 
Lorentz parameter Yn represents the homoge- 
neous widths: for example, 2y,,,, = 1/27, + 1/T3 
(m,n; B,@12), where T(m,n;B,@)2) is the pure 
dephasing time of the mn transition, which, in 
turn, depends on the degree of localization of the 
excitation determined (20) by B and a9. 
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For reference, the dipolar coupling between 
typical amide I oscillators with 1 = 0.35 debye is 
610«(Q)/R® cm |, where «(Q) is a geometric pa- 
rameter —1 < K(Q) < 2, and R is the point dipole 
separation in angstrom units. For two-fold sym- 
metry, k(Q) = 1 + (cos0;2— 1)P2(coso), where P is 
the second Legendre polynomial, the angle between 
the dipoles is 8), and © or @ + 7 are their azimuths. 


Therefore at R=5.7 A, we find-3.3 < B<66 cm); 
this is the approximate range of expected cou- 
plings. Their magnitudes are comparable with 
typical linewidths, so the exciton transitions are 
expected to be overlapped. However, such exciton 
interactions should cause substantial broadening 
of the transitions, which is exactly what is observed 
and characterized quantitatively in our data. 
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Fig. 3. Residue dependence of the spectral 
widths. Full width at half maximum (FWHM) of 
(A) the diagonal trace of 2D-IR spectra and (B) 
the FTIR spectra for the undiluted 100% (blue) 
and 10% (red) **c="*0 labeled samples. The 
FWHM versus residue variation exhibits a ~3.6 
residue repeat corresponding to the helicity of 
the monomers. The 2D-IR traces of the 10% samples show a change in phase in this oscillation resulting 
from the higher homogenous component of the residues facing the inside of the dimer (see SOM for 
discussion of this point). The overall smaller widths of the 2D-IR traces compared with the FTIR spectra 
make the determination of the coupling constant more accurate. (C) The inhomogeneous component o 
defines the Gaussian average. It is obtained by varying 0,73 and the zero order frequencies (see SOM) in 
fits of the FTIR and 2D-IR traces to the model explained in the text. This result is consistent with the 
noticeable elongation of the peaks of the 2D-IR spectra, and it suggests that the residues involved in the 
tertiary contact experience a narrower distribution of structures. (D) The absolute value of the coupling 
constants for the final structure (red) and those obtained from the fit of the experiment (blue) also present 
a periodicity of ~3.6 residues. G12, G15, and G16 form the tertiary contact and present the highest 
coupling magnitudes. The error bar corresponds to a change in x? of 0.5. The dashed yellow line indicates 
zero coupling. (E) The signed coupling constant of the final structure. G15, L19, and V11 have negative 
coupling constants. 
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Fig. 4. Front and side views of 
the lowest-energy structure ob- 
tained from simulated anneal 
using the through-space cou- 
pling constants from the ex- 
periment as constraints. It is a 
right-handed helix dimer with 
a—55° crossing angle and 7.8 A 
interhelical distance. The resi- 
dues facing the inside of the 
dimer in the investigated region 
experience a different environ- 
ment than those on the outside. 
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The structural information can be obtained ex- 
clusively from the 2D-IR traces, but we included 
the FTIR to further constrain the analysis. In con- 
trast, the coupling constants could not be obtained 
from FTIR data alone. In the first place, the vibra- 
tional frequency dynamics would be undetermined. 
Furthermore, the enhanced signal-to-background 
ratio results in the 2D-IR diagonal trace having 
better resolution and diminished background in- 
terference, permitting a robust calculation of the 
coupling constants. The 2D-IR width is intrinsi- 
cally more sensitive to coupling than the linear IR 
in the range of our parameters (see SOM), but 
incorporation of both provides a better set of results 
than does either one. 

The FTIR and 2D-IR spectra of the 10 and 
100% samples were simultaneously fit by least- 
squares minimization to the foregoing model to 
yield the absolute values of the coupling con- 
stants and dynamical parameters that are mutual- 
ly consistent with four data sets for each of the 11 
residues. The peaks in the residue dependence 
of the coupling in Fig. 3D show clearly that G12, 
G15, and G16 have the closest tertiary proximity. 
The periodicity of this pattern of peaks in the ex- 
periment is ~3.6 residues, matching the repeat of 
the o helix. The fits generate values for the in- 
homogeneous broadening parameter whose res- 
idue positional dependence is shown in Fig. 3C. 
The alternation of o (2/, 22) is consistent with the 
observed trend in the extent of elongation along 
the diagonal of the 2D-IR spectra of the 10% 
samples. It indicates that those residues in the 
dimer interface—namely G12, G15, and G16— 
present significantly narrower static distributions 
of structures than do the other residues. The results 
imply that there are specific interactions causing 
local ordering of the residues forming the tertiary 
contacts, resulting in a narrowing of their frequency 
distributions such as would occur in a crystal. 

A key factor in the structure simulation is the 
direction of the C='80 amide transition dipole 
in the frame of the peptide link. A perturbation 
theory estimate using the method described in 
(23), based on the isotope shift being large com- 
pared with coupling, shows that the coupling of a 
'3C=!80 amide with the remaining '7C='°0 resi- 
dues of a typical helix does not cause its transi- 
tion dipole to rotate in the peptide frame by more 
than 3° (see SOM). Therefore, the transition di- 
pole for an isolated amide unit from (12, 24) was 
used in the simulation. 

To find a family of structures consistent 
with the experiments, we first sampled the whole 
space of interacting two-fold symmetric ideal 
helices to identify the pose most consistent with 
the 2D-IR coupling constants. A ” test revealed 
48 structures that were consistent with the ex- 
periment within a 75% confidence interval. They 
were all right-handed parallel dimers with an av- 
erage crossing angle of -63° + 13° and interhelical 
distance 8.5 + 0.3 A. The structure with an inter- 
helical distance of 8.5 A and crossing angle of -60° 
showed the best agreement with the experiments. 
The model was further refined with the appropri- 


ate side chains by a constrained simulated an- 
neal with Xplor-NIH (25, 26). A new module was 
written for Xplor-NIH (25, 26) to account for 
the deviation from the vibrational dipole-dipole 
coupling constants obtained from the experiment 
(see SOM). The 48 preselected structures were 
each taken as starting points for 100 structures. 
Every structure was first minimized by 500 steps 
to remove bad contacts, bathed at a high temper- 
ature (3000 K) for 1000 steps, followed by cool- 
ing to a low temperature (10 K) for another 1000 
steps and was subjected to Powell minimization 
for final 2000 steps. More details on the con- 
straints can be found in the SOM. This simulated 
annealing using vibrational through-space cou- 
pling constants as constraints minimizes the en- 
ergy and accommodates the side chains and the 
backbone to find a better agreement with the 
experiment. This procedure yielded 20 parallel 
right-handed helix dimers with crossing angles of 
—58° + 9° and interhelical distances of 7.7 + 0.5 A. 
The absolute values of the coupling constants 
for the structure that presented the lowest en- 
ergy (-55° crossing angle and 7.8 A interhelical 
distance) and the experimental results are com- 
pared in Fig. 3D. The residues G12, G15, and G16 
form the tertiary contact and present the highest 
coupling magnitudes. The residues G15, L19, and 
V11 have negative coupling constants. The view 
of the final energy-minimized structure is shown 
in Fig. 4. 

The peptide studied here belongs to the 
overall class of G-XXX-G motifs that drive di- 
merization in cell membranes and lipid micelles 
(14). Within this sequence motif, the affinity, 
specificity, and precise geometric details of the 
interaction depend critically on the surrounding 
primary sequence (27). The computed structural 
model for the oj, homodimer differs from the 
original canonical motif seen in glycophorin, 
which has a somewhat smaller crossing angle, 
interhelical distance, and rotation of each helix 
about its axis (helical phase). Instead, the com- 
puted structure fits to a related right-handed mo- 
tif, cluster #10 of (28), which has an average 
crossing angle of —60° + 15° and interhelical 
distances of 8.6 + 1.0 A. A previous site-directed 
mutagenesis study showed a somewhat surprising 
phase-shift in the distribution of the residues that 
contribute to homodimerization in oy, versus 
GPA, consistent with a rotation of the helix by 
50° (8). The difference was attributed to the fact 
that oy, has a GxxGG sequence with a third Gly 
residue that contributes to the interface in this 
homodimer but not in GPA. This interaction is 
now clearly seen in the spectral widths and cou- 
plings at positions 15 and 16 in Fig. 3, D and E. 
Moreover, the computed structure shows the 50° 
helical phase shift and the larger crossing angle 
inferred from site-directed mutagenesis. Thus, 
these results provide direct structural information 
that explains the previous mutagenesis study, il- 
lustrating the power of 2D-IR as a structural tool. 

The 2D-IR method is introduced here as a 
viable approach to protein structure determina- 
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tion. A selection of tertiary constraints are used, 
which could be enlarged and also incorporate sec- 
ondary interactions (23). These constraints can be 
obtained by 2D-IR equally well for populations 
that are transient, undergoing either equilibrium 
or nonequilibrium (29) kinetics. 
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Interaction Between Notch and Hif-o 
in Development and Survival of 
Drosophila Blood Cells 
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A blood cell type termed crystal cell in Drosophila functions in clotting and wound healing and 
requires Notch for specification and maintenance. We report that crystal cells express elevated 
levels of Sima protein orthologous to mammalian hypoxia-inducible factor—o. (Hif-a) even under 
conditions of normal oxygen availability. In these platelet-like crystal cells, Sima activates full-length 
Notch receptor signaling via a noncanonical, ligand-independent mechanism that promotes 
hemocyte survival during both normal hematopoietic development and hypoxic stress. This interaction 
initiates in early endosomes, is independent of Hif-B (Tango in Drosophila), and does not activate 
hypoxia response targets. Studies in vertebrate myeloid cells have shown a similar up-regulation 

of Hif-co. protein in well-oxygenated environments. This study provides a mechanistic paradigm 
for Hif-o/Notch interaction that may be conserved in mammals. 


etic organ) gives rise to myeloid blood cells: 

plasmatocytes, crystal cells, and lamello- 
cytes (/). A majority of these cells are macro- 
phages; a small fraction become crystal cells that 
function during wound healing (2, 3). Hemolectin 
(Hml) is the earliest marker expressed as cells 
initiate differentiation. The Runt-domain protein 
Lozenge (Lz) (4, 5) is essential for commitment 


T=: Drosophila lymph gland (hematopoi- 


to crystal-cell fate (6), and its expression initiates 
in these Hml" precursors, which then discontinue 
Hml expression (6). Mature crystal cells express 
prophenol oxidase (ProPO), essential for melani- 
zation (5), whereas macrophages remain Hml*. 
Sima is the Drosophila ortholog of hypoxia- 
inducible factor-a [Hif-o (7)], the key mediator 
of responses to hypoxia (8). Sima is stably ex- 
pressed in mature crystal cells even under normal 


Fig. 1. Sima functions with Notch during crystal-cell develop- 
ment. Crystal cells marked with ProPO (red). Scale bars indicate 
20 um. (A) Wild-type lymph gland, crystal cells show elevated 
levels of Sima (green; yellow because of ProPO co-localization). 
(Inset) Magnified view of crystal cells expressing Sima (green). 
(B) Overexpression or (C) single-copy loss of sima causes crystal- 
cell expansion or reduction, respectively. (D) Overexpression of 
activated Notch (N°) that functions as a gain of function Notch 
or (E) dominant-negative Notch (N") that functions as a loss 
of function Notch causes crystal-cell expansion and reduction, 
respectively. (F) Wild-type Notch reporter activity [22xSu(H)-lacZ, 
green] (G) increases with sima gain of function and (H) decreases 
with single-copy loss of sima. B-Gal, B-galactosidase. (I) Single-copy 
loss of sima suppresses V““-driven crystal-cell expansion. Compare 
with (D). 
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oxygen tension (Fig. 1A). Overexpression of sima 
in the lymph gland causes dramatic expansion 
of crystal cells (Fig. 1B and fig. S1A), whereas 
single-copy loss of sima reduces their number 
(Fig. 1C and fig. S1A). These phenotypes are sim- 
ilar to phenotypes resulting from Notch gain and 
loss of function (5) (Fig. 1, D and E, and fig. S1A). 
Furthermore, altering Sima can change Notch 
reporter [/2xSu(H)lacZ] expression (Fig. 1, F to 
H, and fig. S1B), and a single mutant allele of 
sima suppresses the excess crystal-cell pheno- 
type caused by Notch“ (N““) (Fig. I and 
fig. S1A). Thus, Sima and Notch signaling appear 
to function in the same pathway in this tissue. 
We examined the temporal requirement of 
Sima during crystal-cell development. Hph (hy- 
droxy prolyl hydroxylase), which marks Sima 
for degradation (9), or sima RNA interference 
(sima®®“’) was expressed in Hml* precursors by 
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using Hmil-gal4 as the driver that is switched off 
once a cell becomes Lz* (/0). Neither has any effect 
on crystal-cell number (Fig. 2, A, C, and E, and fig. 
SIC). However, expression of Hph or sima®™ later 
in Lz* crystal-cell precursors causes a significant 
reduction in crystal-cell number (Fig. 2, B and D 
to F, and fig. S1C, P < 0.0001). This loss is asso- 
ciated with bursting (compare Fig. 2, D’ with B’) of 
these cells, visualized by membrane green fluo- 
rescent protein (GFP) expression, a phenomenon 
(3) important for crystal cell-mediated blood 
clotting because of release of enzymes (3). 
Crystal cell—fate specification requires canon- 
ical Notch signaling (6, //). Expressing Notch” 
in early differentiating Hml* cells causes loss of 
crystal cells (Fig. 2, G and I). Additionally, late 
loss of Notch from already-specified crystal-cell 
precursors by either expressing N°’ or Ofut® 
[modification of Notch by Ofut is required for 
proper Notch function (/2)] causes a bursting phe- 
notype (Fig. 2, H to J) as seen with loss of Sima 
(Fig. 2D’). Thus, Notch function is required contin- 
uously: first in specifying the Lz* precursor and 
then in expansion and maintenance of crystal cells. 
High endogenous Notch expression in crystal 
cells (Fig. 2K) is further increased upon Sima 


Fig. 2. Sima stabilizes Notch in ma- 
ture crystal cells, which is necessary for 
their maintenance and survival. Crys- 
tal cells marked with ProPO (red). Scale 
bars, 20 tum. (A) Wild-type (WT) lymph 
gland. (B) Control lymph glands ex- 
pressing membrane GFP in crystal cells. 
Magnified in (B’). Overexpression of 
Hph (C) early does not affect crystal 
cells [compare with (A)]; (D) late ex- 
pression in crystal cells causes their 
reduction and (D’) rupturing [compared 
with (B’)]. Quantification of (E) lymph 
gland (n = 8) and (F) circulating crystal- 
cell (n = 8) data. Error bars indicate 
standard deviation. Expressing W°"“’ 
(G) early and (H) late causes reduction 
in crystal cells [compared with (A) and 
(B)]. Loss of Notch late from crystal 
cells causes their rupturing [(H’) similar 
to (D’) compared with (B’)]. Quantifi- 
cation of (I) lymph gland (n = 12) 
data and (J) circulating crystal-cell data 
expressing MN’ (n = 8) and Ofut®"“’ 
(n = 8). (K) Wild-type lymph glands 
with elevated Notch protein [Notch 
intracellular domain (N‘“), red] in 
crystal cells (arrowheads, magnified in 
inset). (L) sima overexpression causes 
further Notch (N'¢, red) accumula- 
tion. Antibody against the extracellu- 
lar domain of Notch (N°, red) antibody 
detects (M and M’) Notch in vesicles 
(arrowheads) in crystal cells from control 
lymph glands expressing GFP and (N 
and N’) overexpressing sima further in- 


control 


Notch loss-of-function sima loss-of-function 


creases Notch (N°, red) accumulation in vesicles (arrows, compare with M and 
M’). (O to Q) Live endocytic trafficking assay: Notch antibody-recognizing 
epitope on N° (red) in wild-type lymph glands marked with nuclear (Cut, green) 
and crystal-cell (ProPO, blue) markers. (O and 0’) Notch protein is detected on all 


overexpression (Fig. 2L), without change in 
Notch RNA (fig. S2, A to C). The majority of 
Notch protein in crystal cells is seen in intracel- 
lular vesicles (Fig. 2, M and N). In live trafficking 
assays (13), surface-labeled Notch internalized from 
the plasma membrane is rapidly degraded in all 
cells (Fig. 2, O and P) except in mature crystal 
cells, where Notch persists in Hepatocyte growth 
factor regulated tyrosine kinase substrate (Hrs)— 
positive early endocytic vesicles (Fig. 2, P and Q) 
and co-localizes with Sima (fig. $2, D to D’). 
Canonical Notch signaling requires the interac- 
tion of Notch with its membrane-bound ligand on 
an adjacent signaling cell (/4, 15). Crystal cell—fate 
specification requires ligand-Serrate (Ser) (6, //), 
but at late stages Ser is expressed in a restricted 
number of cells (6), not adjacent to a Ser-positive 
cell. This issue is even more acute for individualized 
circulating crystal cells, not in direct contact with a 
neighbor, that continue to require Notch function 
for their maintenance (Fig. 2J). The circulating crys- 
tal cells are of embryonic origin (/6) and are not 
derived from the larval lymph gland (/7). The other 
Notch ligand, Delta, lacks any obvious role in crystal- 
cell development (6, 17) (fig. S2E). Removal of Ser 
early prevents crystal cell-fate specification (Fig. 3, 
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A and B), but unlike Notch and Sima, removing 
Ser after crystal cell—fate specification does not 
affect crystal-cell number or morphology (Fig. 3, 
A and C), suggesting that Sima-mediated Notch 
activation occurs independent of its ligand. 

We addressed the question of ligand indepen- 
dence by using additional genetic criteria. Over- 
expression of Fng, a glycosyl transferase that 
inhibits Ser-Notch signaling (/8) by using Hmil-gal4, 
dramatically reduces crystal-cell number (Fig. 3, 
D and F), whereas late expression using /z-gal4 
has no effect (Fig. 3, D, E, and G). Mib/ (19) and 
neuralized (20), which encode E3 ubiquitin ligases 
necessary for ligand endocytosis and promotion 
of ligand-dependent Notch signaling, have no role 
in crystal-cell development (fig. S2, F to I). We 
conclude that in Lz* cells, Notch activation is Ser- 
independent but Sima-dependent for its intracel- 
lular stabilization. 

Full-length Notch (N*) can accumulate in en- 
docytic vesicles in a ligand-independent manner 
(13, 21). This is also seen in hemocytes express- 
ing Sima (fig. S3A), and N® is sufficient to in- 
crease crystal-cell number (Fig. 31). This increase 
is not suppressed by mib/ (Fig. 3J), but RabS co- 
expression, expected to enhance turnover of 
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membranes at 0 min. (P) and (P’) At 300 min, endocytosed Notch is degraded 
from surrounding cells [compare N° levels in the dashed areas in (O') and (P’)] 
except in crystal cells (arrowheads) (Q) that retain Notch (red) in Hrs-positive (green, 
arrowheads) early endosomes. N° (red) and Hrs (green) co-localize (yellow). 
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Fig. 3. Sima promotes ligand-independent stabi- 
lization of full-length Notch protein for crystal-cell 
maintenance. (A to C) Ser®’ in signaling cells 
affects crystal cell [(A) and (B)] early [n = 5, 50, and 
60 hours after egg laying (AEL)] but not [(A) and 
(Q)] late (n = 5, 76 and 88 hours AEL). Crystal cells 
marked with ProPO (red). Scale bars, 20 um. (D to 
F) fng overexpression [(D and (F)] early in signaling 
cells (n = 7) causes crystal-cell reduction but not 
[(D), (E), and (@)] late (n = 4). (H) Wild-type lymph 
gland. (1) Overexpressing WV" increases crystal cells 
[compare with (H)]. (J) Expressing 4 in mib1 back- 
ground shows no reduction in crystal cells [compare 
with (I) and (H)]. (K) Expressing dominant-negative 
presenilin (Psn°“) in crystal cells causes reduction. 


endocytic N* (22), causes strong suppression of 
Sima excess crystal-cell phenotype (fig. S3, B to D), 
confirming the involvement of endocytic vesicles in 
N'/Sima interaction. Although ligand-independent, 
the signaling entity is still cleaved Notch because 
expressing a dominant-negative form of presenilin 
(Psn?4474, Fig, 3K) necessary for S3 cleavage of 
Notch (23) or feeding larvae with a y-secretase in- 
hibitor, DAPT {N-[N-(3,5-difluorophenacetyl)-l- 
alanyl]-S-phenylglycine t-butyl ester} (fig. S3E), 
causes bursting of crystal cells. Also, expressing a 
dominant-negative form of Su(H) in Lz” cells 
causes bursting of crystal cells (fig. S2J). 

In the context of hypoxia, Hif-o (Sima) func- 
tions as a heterodimer with Hif-B [Tango in Dro- 
sophila (24)]. However, tgo mutants or tgo"™’ 
do not cause reduction but increase in crystal 
cells (Fig. 4, A to C). Crystal cells do not express 
the Sima/Tgo heterodimer-dependent hypoxia 
reporter (24) in wild-type (fig. S3F) and in Sima 
overexpression (fig. S3G) backgrounds. We hy- 
pothesize that in this context Tgo functions as a 
cytosolic sink to sequester Sima and prevents it 
from interacting with Notch. 

Although normoxic Sima/Notch function does 
not require Tgo, the system responds to hypoxia 
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by coopting the same developmental strategy. 
Conditions that stabilize Sima from degradation, 
such as blocking Hph (Fig. 4D) or exposing lar- 
vae to hypoxic stress (Fig. 4E), are sufficient to 
mediate an expansion of crystal cells. Under these 
conditions, the hypoxia-stabilized Sima further 
enhances Notch signaling independent of Tgo, 
causing an expansion of crystal cells. 

Stimuli reported to stabilize Hif-a under 
normoxia include nitric oxide (NO) (25), reactive 
oxygen species (ROS) (26), and cations (27) that 
inhibit Hph (27) or stabilize Sima (28). Mature 
crystal cells express high levels of nitric oxide syn- 
thasel (NOS1) (Fig. 4F), and expressing NOS1*’ 
causes bursting of crystal cells (Fig. 4G). Addi- 
tionally, feeding larvae NO inhibitor [L-NAME 
(NG-nitro-L-arginine methyl ester)] diminishes 
Notch reporter expression (Fig. 4, H compared 
to I). Lastly, clones expressing NOSIP' have low 
Sima protein and do not form crystal cells (fig. $3, 
H and H’). Thus, maturing crystal cells express 
NOS1, which raises NO level, stabilizing Sima, 
which then functions with Notch to promote crys- 
tal cell maintenance and survival (fig. S4). 

Earlier biochemical studies have established 
direct binding of Notch to Hif-a (29). Here, we 
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describe a hypoxia and Notch ligand-independent 
developmental role for such an interaction. Nor- 
mally a cell requiring continuous Notch signal 
needs to be in constant contact with a ligand- 
bearing cell, and a circulating cell will be unable 
to maintain active Notch signal. Crystal cells cir- 
cumvent this need through noncanonical Notch 
activation via stabilization of N" receptor in the 
endocytic pathway mediated by Hif-a, even in the 
absence of ligand binding. Once stabilized, cleavage 
by presinilin creates an active signaling moiety, 
likely to be a N““/Hif-o/Su(H) complex essen- 
tial for crystal-cell maintenance. The Sima/Notch- 
dependent phase is a two-step process: the first is 
an expansion of Hml Lz’ crystal-cell precursors, 
followed by maintenance of Lz* ProPO* mature 
crystal cells (see fig. S4 for a summary of all the data 
presented here). Circulating crystal cells in the larvae 
originate from the embryonic mesoderm (/6) and 
not the lymph gland (/7), and they show a similar 
Sima-mediated Notch requirement for their main- 
tenance. Circulating T cells also require Notch func- 
tion to respond to pathogens (30) and express 
elevated levels of Hif-a (3/). The source of ligand 
is the antigen-presenting cell, but additional alter- 
nate mechanisms are worth investigating. 
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Fig. 4. Sima function in mature 
crystal cells is independent of Tgo. 
ProPO (red) marks crystal cells (red). 
Scale bars, 20 um. (A) Wild-type 
lymph gland. (B) Single-copy loss of 
tgo"”?®” or (C) expressing tgo™” 
causes an increase in crystal cells. 
(D) Expressing Hph®”’ or (E) ex- 
posing second instar wild-type larvae 
to 5% hypoxic stress increases Sima 
(green) stabilization and crystal-cell 
expansion. (F) Crystal cells from third 
instar WT lymph glands show ele- 
vated NOS1 (green, yellow because 
of overlap with ProPO; see inset). 
(6) Nos1*™" in crystal cells causes 
bursting [compare with (A)]. (H and 
1) Feeding larvae with (H) L-NAME 
(NO inhibitor) shows reduction in 
Notch reporter activity (red), whereas 
(I) D-NAME (inactive isomer) has 
no effect. 


Sima stabilization is important both for normal 
development and during response to hypoxia. A 
similar dual use of a signaling scenario is seen 
with ROS (32). At low levels, ROS functions as 
a signaling molecule in the stemlike progenitors, 
and scavenging ROS retards their differentiation. 
Under oxidative stress, the sensitized progenitors 
differentiate rapidly (32). Thus, the Drosophila 
myeloid system makes dual use of the same 
ROS/c-Jun N-terminal kinase and Sima/Notch 
signaling pathways for development and stress 
responses. Interestingly, vertebrate myeloid cells 
also maintain high Hif-o in normoxic environ- 
ments to maintain their cellular energy pools and 
ability to mount an inflammatory response (33). 
Because Drosophila hemocytes are functionally 
most similar to mammalian myeloid cells, the 
concepts presented here are worthy of further in- 
vestigation in mammalian systems. 
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Increased Structure and Active 
Learning Reduce the Achievement 
Gap in Introductory Biology 


David C. Haak,** Janneke HilleRisLambers,* Emile Pitre,” Scott Freeman*t 


Science, technology, engineering, and mathematics instructors have been charged with improving 
the performance and retention of students from diverse backgrounds. To date, programs that close 
the achievement gap between students from disadvantaged versus nondisadvantaged educational 
backgrounds have required extensive extramural funding. We show that a highly structured course 
design, based on daily and weekly practice with problem-solving, data analysis, and other higher-order 
cognitive skills, improved the performance of all students in a college-level introductory biology 
class and reduced the achievement gap between disadvantaged and nondisadvantaged students—without 
increased expenditures. These results support the Carnegie Hall hypothesis: Intensive practice, via 
active-learning exercises, has a disproportionate benefit for capable but poorly prepared students. 


ince the 1970s, policy-makers have been 
calling for an increase in the number of 
underrepresented minority (URM) students 


who complete science-related degrees at the 
undergraduate, graduate, and professional levels 
(/-3). In response, educators and administrators 
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have created programs focused on recruiting and 
retaining minorities in the STEM (science, tech- 
nology, engineering, and mathematics) disciplines. 
In some cases these programs also target students 
from socioeconomically disadvantaged back- 
grounds, irrespective of ethnicity. At the college 
level, most of these efforts fall into two broad 
categories: (i) comprehensive programs that re- 
cruit promising students and provide financial 
aid, supplementary instruction, mentoring, social 
support, and research opportunities (2, 4-6) or 
(ii) less-intensive programs that offer supple- 
mentary instruction or peer-led workshops asso- 
ciated with introductory courses that have high 
failure rates (7—9). Many of the latter programs 
have increased the success of the target popula- 
tions in the STEM disciplines; some of the for- 
mer have succeeded in reducing or eliminating 
the achievement gap that exists between URM 
and non-URM students—a gap that starts in K-12 
and continues through undergraduate education 
(/0, 11). Unfortunately, both approaches are ex- 
pensive and have therefore rarely been perma- 
nently incorporated into the traditional funding 
structure of host institutions (2). When external 
funding has run out, participation and success 
rates have dropped dramatically (7). 

Changing introductory STEM courses for un- 
dergraduates from traditional lecturing to active 
learning designs has been advocated as an alter- 
native solution to the achievement gap problem 
(3, 12). This call has trickled up from research 
on K-12 programs, where the implementation 
of active learning (/3) and culturally responsive 
teaching (/4) has had a profound impact on the 
achievement gap. Some reformed introductory 
courses at the college level have also reported 
success in boosting achievement by disadvantaged 
students, although these course designs required 
increased investment by external funders and host 
institutions (75, 16). 

We asked the following: Can an existing 
STEM course be modified to improve perform- 
ance by students from disadvantaged education- 
al and socioeconomic backgrounds who are at 
high risk of failing, without requiring increased 
resources in the way of staffing or external funding? 
In essence, our work addresses what Benjamin 
Bloom called the “2 Sigma Problem”: the need to 
create teaching-learning conditions under large- 
group instruction that allow students to achieve at 
the level they would under individual instruction 
by a skilled tutor (0, 17). The question has taken 
on added urgency as faculty-to-student ratios 
worsen in response to the global economic crisis. 

We worked with a large-enrollment intro- 
ductory biology course for undergraduate majors 
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called Biology 180 and studied changes in the 
performance of students in the University of 
Washington’s Educational Opportunity Program 
(EOP) (78). Individuals in the EOP are from ed- 
ucationally or economically disadvantaged back- 
grounds; most are first in their family to attend 
college. Although EOP students are not identi- 
fied on the basis of ethnicity, most URM stu- 
dents at the University of Washington (UW) 
(76.5%, in the present study) are also in the EOP 
category. Analyzing individuals in the EOP 
captures most URM students while broaden- 
ing the analysis to include all students from dis- 
advantaged backgrounds. 

Previous work showed that we can predict stu- 
dent performance in this course a priori, on the 
basis of college grade point average at the time of 
entering the course and SAT verbal score (/8—20). 
Failure in this course is defined as a final grade 
under 1.5, the threshold required to continue in 
the UW introductory biology series; students who 
are at high risk of failing include a disproportion- 
ate number of students in the EOP (Fig. 1A). Actual 
failure rates are consistent with the predicted-grade 
analysis: From 2003 to 2008, the mean failure rate 
for EOP students was 21.9%, whereas the failure 
rate for non-EOP students was 10.1%. 

As a comparison, we also analyzed 111,227 
records on students taking introductory STEM 
courses at the University of Washington from 
2003 to 2008. We calculated means and 95% 
confidence intervals for the achievement gaps 
between EOP and non-EOP students, calculated 
as the difference in final grade on a 4.0 point 
scale, for the first course in these multicourse 
sequences designed for prospective majors in 
the STEM disciplines. The achievement gaps in 
Biology 180 are among the highest on our cam- 
pus (Fig. 1B). We hypothesized that the large gaps 
occur because Biology 180 final grades depend 
largely on short-answer midterm and final exams 
that test higher-order cognitive skills (/9) and be- 


As Bs 
€ 

5 

a 

eh ra 

S 3 

a & 
S 2g 
iu S 
=a FE 
5 3 
= = 
FA 

S e 
= 8 
FA 

aes | 5 

~ 5 

. < 

S 

m : 

= 


oo 


05-1 1-1.5 15-2 225 25-3335 35-4 
Predicted Grade 


cause EOP students are underprepared for this 
type of assessment relative to non-EOP students. 

Previous work on four quarters of Biology 
180, taught by the same instructor, showed that 
incorporating a moderate level of required (graded) 
active-leaming exercises increased performance 
by all students compared with performance in 
lecture-intensive courses where active-learning 
exercises were absent or optional (/9). The active- 
learning exercises were daily, multiple-choice 
“clicker questions” implemented in a peer in- 
struction format (2/) and a weekly practice exam 
comprising five short-answer questions that were 
peer-graded (18, 19). Recent analyses combined 
these data with data from two additional quarters 
taught by the same instructor in a third course 
design: a lecture-free format that added preclass 
reading quizzes (/8, 20-22) and extensive in- 
formal group work in class (/8, 20, 23, 24). 
This course design was considered highly struc- 
tured because it required students to (i) prepare 
for class sessions, (ii) use clickers or random-call 
responses to participate in class sessions that 
were focused entirely on active-leaning exercises, 
and (iii) complete a weekly low-risk assessment 
in the form of a practice exam. The highly struc- 
tured approach resulted in another increase in 
overall performance by all students, compared 
with the low-structure, lecture-intensive course 
with no required active learning and the moderate- 
structure design based on clickers and a weekly 
practice exam (20). 

To reduce the achievement gap, however, in- 
terventions must have a disproportionate benefit 
for disadvantaged students. To test whether EOP 
students disproportionately benefit from high- 
structure versus low-structure courses, we ana- 
lyzed grades achieved by students in 29 quarters 
of Biology 180 by using their predicted grades 
to control for among-quarter variation in student 
ability and preparation (/8). Comparing student 
performance in the two highly structured quar- 
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Fig. 1. Students from disadvantaged backgrounds are at high risk for failure in introductory STEM 


courses. (A) Frequency distribution of students in Biology 180, 


binned by predicted grade. The horizontal 


line indicates the overall proportion of EOP students in this course (76). EOP students are overrepresented 
at the low end of the distribution of predicted grades relative to non-EOP students (generalized linear 
model with binomial error distribution, P << 0.001). (B) Achievement gaps between EOP and non-EOP 
students in introductory STEM courses at the University of Washington. Means were calculated for gaps in 
each quarter, academic years 2003 to 2008; error bars represent bootstrapped 95% confidence intervals. 
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ters versus 27 quarters with little or no active 
learning, we find that, although all students ben- 
efit from structure, EOP students experience a 
disproportionate benefit. The generalized linear 
mixed model with the most power to explain the 
actual grades received by students included ac- 
tive learning, predicted grade, EOP status, and 
their interaction as explanatory variables, with 
quarter as a random effect to control for instructor 
differences (likelihood ratio test, P = 0.0023, 
Table 1). Our highly structured course significant- 
ly improved student performance in this broad- 
based comparison—but did so disproportionately 
for EOP students (Fig. 2). 

To verify that these results are robust to in- 
structor differences, we reexamined the achieve- 
ment gap between EOP and non-EOP students 
but restricted the analysis to the six quarters 
taught by the same instructor: two in the lecture- 
intensive, low-structure format; two in the mod- 
erately structured format that included in-class 
clicker questions and weekly practice exams; and 
two in the highly structured format that added daily 
reading quizzes and in-class group exercises and 
nearly eliminated lecturing (/8, 20). The highly 
structured format reduced the raw achievement 
gap for EOP versus non-EOP students from 0.80 
to 0.44 grade points—a 45% drop from both the 
moderate-structure and the low-structure formats. 
This decline in achievement gap exceeded the 95% 
confidence intervals from the low- and moderate- 
structure quarters (Fig. 3). We found a similar de- 
crease in achievement gap over these six quarters 
when accounting for incoming achievement (fig. 
$2). Overall, course structure has a significant im- 
pact on the achievement gap, controlling for in- 
structor identity and student ability (table S2). 

The change from low to moderate to high 
structure did not require additional financial re- 
sources, smaller class sizes, or more class time. In 
fact, the second iteration of the highly structured 
course (in autumn 2009) took place when class 
size had increased from a maximum of 345 in the 
earlier five quarters analyzed to 700, labs had 
been cut from 3 hours per week to 2, and the 
number of graduate teaching assistants had been 
reduced from one for every 49 students to one for 
every 87.5 students. 


Our results raise two related questions: Did 
EOP students actually learn more or simply per- 
form better on assessments? And were their per- 
formance gains due to benefits derived from 
active learning or frequent testing (25)? Ranking 
exam questions on Bloom’s taxonomy of educa- 
tional objectives (26, 27) provides a standardized 
framework for assessing the level of learning 
(28). A recent analysis of the exams given in the 
six quarters taught by the same instructor shows 
that (i) an average exam question, weighted by 
points available, is at the application level of 
Bloom’s taxonomy and (ii) the Bloom’s level and 
difficulty of exams actually increased during the 
transition from low- to medium- to highly struc- 
tured course designs (20). The application level 
subsumes mastery of vocabulary and strong con- 
ceptual understanding and demands that stu- 
dents apply concepts in new situations. The high 
level of exam questions in this course suggests 
that the performance gains we document here re- 
flect actual learning gains. Further, active-learning 
exercises have been shown to increase perform- 
ance on exam questions that demand higher-order 
cognitive skills, while having no effect on exam 
questions focused on lower-order cognitive skills 
[levels 3 to 6 versus 1 and 2 on Bloom’s taxonomy; 
e.g., (29)]. These results suggest that active learn- 
ing does not help with information transfer, only 
with problem-solving and other types of higher- 
order learning. Thus, student gains in performance 
in our highly structured design should reflect a 
deeper understanding of the content and not result 
simply from increased frequency of assessment. 

An intriguing next step is to explore the 
mechanisms responsible for the disproportionate 
change in EOP student performance in a large- 
enrollment, highly structured course design. The 
success of other interventions at the K-12 (/3) 
and college (7) levels suggests that many students 
from educationally disadvantaged backgrounds 
are capable of succeeding in the STEM disci- 
plines but simply lack exposure to the challenge 
of integrating concepts to solve new problems. 
We propose that almost all students arrive on col- 
lege campuses with 12 years of practice at Bloom’s 
levels 1 and 2, but that most students from de- 
prived educational backgrounds have had mini- 


Table 1. Ability of alternative models, containing different combinations of explanatory variables 
(such as predicted grades, structure, and EOP status), to explain observed grades students receive 
in introductory biology. Only a subset of all possible models are shown here for clarity; for a full 
list see table $2, and see (18) for a description of the models. k is the number of parameters in the 
model; AIC, Akaike’s information criterion; w, the weighted AlCs. P = 0.0023 for a likelihood ratio 
test between Structure*Predicted*EOP and Predicted*EOP models. P = 2.2 x 107° for a likelihood 
ratio test between Predicted*EOP and Structure+Predicted+EOP. P = 0.074 for likelihood ratio test 


between Structure and Null models. 


Model k log-likelihood AIC AAIC o 

Structure*Predicted*EOP 13 —2532.176 5090.353 0 0.75 
Predicted*EOP 9 —2537.675 5093.350 3.00 0.17 
Structure+Predicted+EOP 9 —2538.696 5095.392 5.04 0.06 
Structure 7 —2573.406 5160.812 70.46 0.00 
Null 6 —2575.005 5162.01 71.66 0.00 
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mal exposure to higher-order thinking [Blooms’ 
levels 3 and above (30)]. Highly structured course 
designs provide practice with problem-solving 
and reasoning skills that may be new to high-risk 
students in introductory college STEM courses. 
Specifically, active learning that promotes peer 
interaction makes students articulate their logic 
and consider other points of view when solving 
problems, leading to learning gains [e.g., (3/)]. 
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Fig. 2. Highly structured course designs benefit 
all students, but especially disadvantaged students. 
The difference between predicted performance and 
actual performance is significantly decreased for 
all students, and EOP students in particular, in two 
highly structured courses relative to 27 low-structure 
versions of the same course with little to no active 
learning. The best-fit generalized linear mixed-effects 
models of performance include EOP as a fixed effect, 
likelihood ratio test, df = 13, ¥ = 10.997, P= 
0.0027; see Table 1. Error bars indicate +1 SE. 


Achievement Gap (Grade Points) 


Structure Level 


Fig. 3. For quarters with a common instructor, the 
achievement gap is halved with increased struc- 
ture. Across six quarters of low, medium, and high 
structure (two quarters each), the achievement gap 
is the smallest under high structure. Controlling for 
differences in predicted student ability, we find a 
drop under the medium-structure course design as 
well (fig. $2). Means were calculated from 10,000 
bootstrap iterations; error bars represent 95% 
bootstrapped confidence intervals. The asterisk near 
the vertical axis represents the average achievement 
gap across all instructors, 2003 to 2008 (Fig. 1B). 
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We call this proposal the Carnegie Hall hy- 
pothesis on the basis of the story of a tourist who 
asks a New Yorker how to get to Carnegie Hall. 
The answer? “Practice.” The hypothesis is a di- 
rect extension of constructivist theory (32, 33), 
a cornerstone of classical explanations for why 
active learning works (29, 34). Constructivism 
maintains that individuals incorporate new in- 
formation into their previous conception and that 
they only change ideas when they realize that the 
new information conflicts with their previous un- 
derstanding, creating cognitive dissonance. Con- 
structivism defines the types of practice that are 
valuable for underprepared students in introduc- 
tory courses: not drilling, but exercises that chal- 
lenge previous conceptions and require students 
to explain their thinking. 

Traditional approaches to reducing the achieve- 
ment gap have produced disproportionate bene- 
fits for disadvantaged students by focusing an 
influx of resources on them. If the Carnegie Hall 
hypothesis is correct, highly structured courses 
may be able to reduce the achievement gap while 
raising the performance of all students without re- 
quiring additional resources because of a dispro- 
portionate benefit of increased practice for capable 
students who have grown up lacking exposure to 
higher-order cognitive skills. 
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BIOMOLECULAR INTERACTION DETECTION 


instruments that accommodate 96- and 384-well assay formats. 


Fortebio 
For info: 650-322-1360 | 


The Octet RED96 system can rapidly measure protein and other biomolecule concentra- 
tions as well as determine kinetics, affinity, and specificity of protein-protein and protein- 
small molecule interactions. It extends the capabilities of the company’s premier Octet 
RED platform by featuring biosensor reracking, which enables more efficient workflow, re- 
duces amounts of capture molecule use, and lowers assay-running costs. The system en- 
ables life science researchers to perform analyses that have traditionally been conducted 
with SPR, HPLC, ELISA, and other single-purpose microfluidics instruments. Researchers 
can run a suite of assays in a multiplexed panel format using ForteBio's Protein A, Protein 
G, and new Protein L biosensors. The Octet platform is based on BioLayer Interferometry 
(BLI) technology, which uses optical biosensors to measure multiple interactions in paral- 
lel, without the use of detection agents. The Octet platform consists of 8- and 16-channel 
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WATER PURIFICATION SYSTEM 

The Elix Gulfstream Clinical water purification system will provide 
up to 100 liters per hour and 2000 liters of clinical laboratory re- 
agent water (CLRW) daily. The system includes EMD Millipore’s 
well-known Elix electrodeionization technology as well as improved 
reverse osmosis cartridges. These complementary technologies 
help to extend the lifetime of the purification cartridges, thus reduc- 
ing running costs. Biomedical labs need to avoid costly downtime; 
problems that occur due to inconsistent pure water quality, however, 
can disrupt sample processing, halting or reducing a lab’s output and 
incurring unforeseen expenses. The Elix Gulfstream Clinical system 
provides biomedical labs with a reliable, constant source of pure 
water for their analyzers. Water produced by the system meets the 
stringent standards of the Clinical and Laboratory Standards Insti- 
tute (CLSI) for CLRW. The all-in-one design and small footprint let 
users install the system in limited space. 

EMD Millipore 


For info: 800-645-5476 | 


MICROPLATE HANDLER 

The BenchBot robot is a new mid-sized microplate handler designed 
to meet the automation workflow needs of diverse laboratories. The 
BenchBot incorporates the robust functionality of Agilent Automa- 
tion's larger automated microplate handlers into a compact design 
for use in small lab spaces, enabling automation of a wide variety 
of changing, science-driven workflows. The robot has the capability 
to easily integrate with an expansive list of laboratory equipment 
increasing its utility for applications from next generation sequenc- 
ing and microarray sample preparation to high throughput LC/MS 
sample management and numerous cell-based assays. The power 
of the BenchBot comes from its flexibility, accessibility, and ease of 
use. The compact size of the BenchBot enables it to be used right 
where it is needed most—on a bench, in a fume hood, or on a dock- 
ing table. With the BenchBot robot, automated solutions move from 
large, specialized machines to compact, flexible robots that any sci- 
entist can use. 

Agilent Automation Solutions 


For info: +44-(0)-1763-850230 | 


BLUE LIGHT TRANSILLUMINATOR 

The Blue Light Transilluminator light box can be used for safe, pre- 
cise viewing of fluorescently labeled DNA and proteins. The new 
light box does not need to be used in a darkroom, although it can 
easily fit into any Syngene image capture system. The transillumi- 
nator can illuminate dyes that emit light at 420 to 480 nm, so is 
excellent for visualizing nanogram amounts of nontoxic DNA stains 
including: SYBR Safe, SYBR Green, SYBR Gold, and GelGreen as 
well as protein stains such as SYPRO Ruby and ProQ Diamond. Be- 
cause visible blue light is not damaging to the human eye and does 
not photo-nick DNA as ultraviolet light does, scientists can view, 
image, and cut out DNA or protein bands from gels without wor 
rying about harmful effects. The Blue Light Transilluminator comes 
either with a 20 cm x 20 cm gel viewing area or a 25 cm x 30 cm 
viewing plate. 

Syngene 

For info: +44-(0)-1223-727123 | 


NORMAL PRIMARY CARDIOMYOCYTES 

The American Type Culture Collection (ATCC) now offers primary 
cardiomyocytes isolated from adult human tissue. Unlike cardiomyo- 
cytes derived from human ES or iPS cells, these heart muscle cells 
propagate in culture with high viability and plating efficiency. ATCC 
Normal Primary Cardiomyocytes are one part of ATCC Primary Cell 
Solutions, a system of matched components that include cryopre- 
served cells, optimized media, growth factors, and reagents for cell 
culture. The kit is composed of several purified recombinant human 
(rh) growth factors, including rh FGFbasic, rh insulin, and rh EGF/rh 
TGF1, in addition to FBS and fetuin. Normal Primary Cardiomyo- 
cytes are cryopreserved in the second passage, assuring the highest 
purity. The cells have undergone sterility testing for bacteria, yeast, 
fungi, and mycoplasma and shown to be negative for HIV-1, HIV-2, 
HBV, and HCV. Scientists can expect cell cultures with functional 
expression of relevant biomarkers, normal morphology, and superior 
growth and proliferation. 

ATCC 


For info: 800-638-6597 | 


Electronically submit your new product description or product literature information! Go to|www.sciencemag.org/products/newproducts.dtl]for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Opening Positions for Full-time Distinguished 
Professors 
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Shenzhen University 


Shenzhen University (SZU) invites applications for Full-time Distinguished Professor positions for highly 
qualified candidates with special expertise in one of the following academic areas listed below. 


The University 

The university, founded in 1983, is located in Shenzhen and has been a comprehensive university with 
fundamental influence. We are now aggressively seeking highly qualified international scholars to join us 
as we continue towards our mission of becoming a top-class research institution in China. 

Areas of Interest 


01. Mathematics and Computational Science, 02. Material Science and Engineering, 03. Communication 
and Informational Processing, 04. Computer and Software, 05. Civil Engineering, 06. Manufacturing and 
Automation, 07. Marine Biology and Marine Ecology, 08. Micro-nano Photon-electronics and its Devices, 09. 
Biophotonics, X-ray Optics, 10. Molecular Biology, Molecular Target based Anticancer Drugs, Cancer Biology, 
Stem Cell and Immunity Allergic Reaction, 11. Comparative Literature, Western Philosophy, 12. Economics, 
13. Management, 14. Industrial Design, Animation Design, Environmental Design 


Qualifications 

1. Have an earned doctorate in a closely related discipline with a track record of extraordinary accomplishment 
in teaching, research / scholarship, and professional service judged by peers to be outstanding; 

2. Have assistant-professor or above academic experience in world-renowned universities; 

3. Have been recognized nationally or internationally for the importance of their achievements and are 
expected to bring distinction to SZU and serve as a key contributor to achieving its strategic goal of becoming 
a World-Class university. 

4. Have great academic potential and be able to anticipate the development tendency of their field. 

5. Have a strong organizing and communicating ability to lead their research team to reach world leading 
level. 


Salary/Benefits 

Salary and benefits are very competitive; yearly salary starting from 100,000 to 200,000 US Dollars and will 
be commensurate with qualifications and experience. 

To Apply 

Interested candidates should submit all application documents to the below contacts or submit all 
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information tohttp://szuhr.szu.edu.cn| For more information please visit|http://www.szu.edu.cn/szu2007/| 


Contact 


Ms. Samantha ZENG, , 0086-755-26732890) or Ms. Yun LI fliyun@szu.edu.cn], 0086- 


755-26536111) 


Joint Department of Biomedical Engineering 
The University of North Carolina at Chapel Hill and 
North Carolina State University at Raleigh 


152 MacNider Hall, Chapel Hill, NC 27599 7575 
(919) 966-1175; (919) 966-2963 fax 


Professor of Biomedical Engineering 
Director of Center for Rehabilitation Engineering 


The Joint Department of Biomedical Engineering at the University of North Carolina at Chapel Hill and 
North Carolina State University is seeking a Professor to direct the Center for Rehabilitation Engineering in 
Biomedical Engineering Department. Candidates should have experience in bringing teams of individuals 
together, working across disciplines and, in particular, working with individuals in the clinical sciences. The 
NC State College of Engineering and the UNC School of Medicine are making substantial investments in 
space, funds and FTE positions to establish the new Center. Applicants are expected to have earned doctoral 
degrees in biomedical engineering or related engineering sciences. Successful candidates will be expected 
to have a demonstrated track record of sustained extramural funding and an internationally acclaimed 
research program. The candidate is expected to possess a clear commitment to the academic programs of 
the Department. 
The individual sought for this position should currently be a tenured full professor or associate professor or 
equivalent in rehabilitation engineering, biomedical engineering, or a closely related field. The successful 
candidate will need to build interdisciplinary and inter-institutional research teams and have the ability to 
forge collaborations/interactions with individuals in the clinical sciences within and outside of the Research 
Triangle area. 
The Director of this Center will report to the Chair of the Joint Department of Biomedical Engineering. The 
Director will be expected to take a lead role in strategic planning and program development efforts of the 
newly created Center. The Director will be responsible for the oversight and management of all aspects of 
the Center’s resources. The Director in coordination with the Department Chair will be responsible for the 
recruitment of new faculty hires within the Center. 
Application procedure: Applicants should complete an online application at for 
position #04-07-0704. 
Application deadline: Applications will be ac 
Joint Department of Biomedical Engineerin: 
Inquiries: Contact Rick Segal, PT, PhD, FAPTA at 919-843-8660 oi 
NCSU is an Equal Opportunity and Affirmative Action Employer: Also, NC State welcomes all 
persons without regard to sexual orientation. In its commitment to diversity and equity, NCSU seeks 
applications from women, minorities and persons with disabilities. Individuals with disabilities desiring 


accommodations in the application process should contact Rekha Balasubramanyam, Administrative 
Manager, phivm 919-513-7622, fax 919-513-3814. 


Plant Biochemistry 


The Division of Biochemistry 
biochem. missouri.edu} and 

the Interdisciplinary Plant 
Group at the University of 
Missouri invite applications for appointment as 
a tenure-track Assistant or Associate Professor. 
Applicants should apply biochemical and 
molecular approaches to the study of plant 
metabolism. The successful candidate will 
have or will establish a research program 
that complements and enhances our existing 
strengths in plant biochemistry. The successful 
candidate will contribute to departmental 
teaching in areas of undergraduate, graduate, 
or medical education. The University is noted 
for interdisciplinary research programs including 
the Interdisciplinary Plant Group of > 50 
faculty members in five Departments. Position 
qualifications include a Ph.D. in biochemistry or 
related field and postdoctoral training. 


We offer a competitive salary and start-up 
package, an active doctoral program and a highly 
interactive, multidisciplinary faculty. 


Cover letter, vitae, a description of research 


-php} Job Opening ID #4903.Application 
review will begin July 15, 2011. 


MU is an Equal Opportunity-Affirmative 
Action Employer To request ADA 
accommodation contact Human Resource 
Services at 573-882-7976. 
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State University of New York 


Director, Atmospheric Science 
Research Center 


The University at Albany, State University of 
New York is seeking a Director of the 
Atmospheric Sciences Research Center. The 
Director serves as the chief administrative 
officer of the Center and provides strategic 
planning and direction in the initiation and 
integration of the research enterprise at the 
Center. The Director provides guidance to 
Center members in the development and 
coordination of academic affiliations and 
research projects and is expected to maintain 
a significant research portfolio and contribute 
to the graduate program (i.e., mentoring 
graduate students and teaching graduate 
course) of the Director’s host academic 
appointment. The Director is responsible for 
the development and implementation of the 
Center’s strategic research plan and the man- 
agement of its research infrastructure and 
operations to assure a productive research 
environment. The Director reports directly to 
the Vice President for Research. 


For a complete position description and 
application instructions, please see 
P11-23398 at: 


UAlbany is an EO/AA/IRCA/ADA employer. 


OHR110526NUG 


DEAKIN 


UNIVERSITY AUSTRALIA 


MELBOURNE GEELONG WARRNAMBOOL 


Lecturer / Senior Lecturer in Marine Science 


Faculty 
School 
Reference number 


Science and Technology 
ife and Environmental Sciences 
110231 


Applications close Sunday 3 July 2011 


Salary range 


Position status 
Location 
Contact 


Lecturer $74,918 — $88,964 p.a. 
plus 17% superannuation) 


Senior Lecturer $91,772 — $105,820 p.a. 
plus 17% superannuation) 


Full-time and continuing 
Warrnambool Campus 
Professor Gerry Quinn on +61 3 5563 3268 


Lecturer / Senior Lecturer in Forensic Science 


Faculty 
School 
Reference number 


Science and Technology 
ife and Environmental Sciences 
110233 


Applications close Sunday 3 July 2011 


Salary range 


Position status 
Location 
Contact 


ecturer $74,918 — $88,964 p.a. 
plus 17% superannuation) 


Senior Lecturer $91,772 — $105,820 p.a. 
plus 17% superannuation) 


Full-time and continuing 
Geelong Waurn Ponds Campus 
Professor Guang Shi on +61 3 9251 7619 


Lecturer in Biomedical Science 


Faculty 
School 
Reference number 


Science and Technology 
Life and Environmental Sciences 
110226 


Applications close Sunday 3 July 2011 


Salary range 


Position status 
Location 
Contact 


ecturer $74,918 — $88,964 p.a. 
plus 17% superannuation) 


Full-time and continuing 
Melbourne Burwood Campus 
Professor Guang Shi on +61 3 9251 7619 


Lecturer in Physiology 


Faculty 
School 
Reference number 


Science and Technology 
ife and Environmental Sciences 
110229 


Applications close Sunday 3 July 2011 


Salary range 


Position status 
Location 
Contact 


ecturer $74,918 — $88,964 p.a. 
plus 17% superannuation) 


ull-time and continuing 
Geelong Waurn Ponds Campus 
Professor Guang Shi +61 3 9251 7619 


Apply online at}www.deakin.edu.au/jobs 


The difference is Deakin 
Human Resources +61 3 9246 8139 


University Policy 


Equal Opportunity is 


online @sciencecareers.org 
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tut NATIONAL INSTITUTES OF HEALTH 


The Eunice Kennedy Shriver National Institute of Child Health and Human Development 
National Children’s Study 
Program Director 


The National Children’s Study is an unprecedented complex high profile Congressionally Eunice K Cennedy hviver 
mandated longitudinal observational study to determine the effects of environmental expo- 

sure, as broadly defined, and genetics on the growth, development and health of a national H D 
cohort of 100 000 children from before birth through age 21 years. The position of Program National Institute of Child Health 
Director offers a unique and exciting opportunity for a leader to execute and manage daily & Humon Development 


operations in support of the National Children’s Study strategic vision and mission. More than one position may be available. The 
Program Director works with a team of federal employees and contractors, collaboratively across the NIH, throughout the federal 
government and with other key stakeholders and organizations to coordinate and direct the protocol implementation to achieve the 
objectives of the Study. The Program Director is responsible for managing people and financial resources with integrity and fairness, 
utilizing state of the art tools and processes with frequent refresh cycles to maintain high quality cost effective research and coor- 
dinate and harmonize the methods and process of the Study with other international cohort studies. The Program Director is a key 
member of the senior leadership team for a system of integrated activities in an active learning community. 


Applicants must possess a Ph.D., M.D., or comparable doctorate degree in the health sciences field plus senior-level scientific expe- 
rience and knowledge of research program operations in one or more scientific areas related to clinical research. Candidates should 
have demonstrated expertise in study implementation, organizational management and a proven record of achieving goals and 
deliverables. They should have demonstrated leadership and ability to engage others to execute complex projects; optimize organi- 
zational performance, setting and communicating clearly defined expectations, promoting accountability for results and resolving 
operational problems and issues. Candidates should have demonstrated management acumen, including identification and manage- 
ment of financial and human resource needs; proven ability to make complex and strategic decisions to optimize resource usage, 
mitigate risks, and achieving desired results; and, the ability to build, mentor, motivate, and maintain a culturally diverse staff. 


Salary/Benefits: The Program Director will be appointed GS-15 level plus a Physician’s Compatibility Allowance if qualified. 
Full Federal benefits will be provided including leave, health and life insurance, long-term care insurance, retirement, and sav- 
ings plan (401k equivalent). 


How To Apply: Applicants must submit a current CV and bibliography electronically to Ms. Josephine Evans, fevansjo@mail.| 
In addition, applicants must also submit a supplemental narrative statement that addresses the qualifications require- 
ments (not to exceed a total of two pages), and provide the names, titles, and telephone numbers of 4-5 references. Information 


on the National Children’s Study including a Concept of Operations is located at its website (http://www.nationalchildrensstudy| 


[gov). The NIH encourages the application and nomination of qualified women, minorities, and individuals with disabilities. 


Standards of Conduct/Financial Disclosure: The National Institutes of Health inspires public confidence in our science by 
maintaining high ethical principles. NIH employees are subject to Federal government-wide regulations and statutes as well as 
agency-specific regulations described at the NIH Ethics website. We encourage you to review this information. The position 
requires the incumbent to complete a public financial disclosure report prior to the effective date of the appointment. 

Selection for this position will be based solely on merit, with no discrimination for non-merit reasons such as race, color, reli- 
gion, gender, sexual orientation, national origin, political affiliation, marital status, disability, age, or membership or non-mem- 
bership in an employee organization. 


Reasonable Accommodation: NIH provides reasonable accommodations to applicants with disabilities. If you require reason- 


able accommodation during any part of the application and hiring process, please notify us. The decision on granting reasonable 
accommodation will be made on a case-by-case basis. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


WWW.NIH.GOV 


Help Us Help Millions 
< 


Computational Biologist 


The Dale and Betty Bumpers Vaccine Research Center 
(VRC) at the National Institute of Allergy and Infectious 
Diseases (NIAID), National Institutes of Health (NIH), 
is dedicated to improving global human health through 
the rigorous pursuit of effective vaccines for human 
diseases, including HIV and emerging infectious 
disease. The VRC translates the latest concepts in 
disease pathogenesis and immunology into new 
vaccine strategies, providing safe and effective 

means to prevent and control human diseases. 


We are seeking a computational structural biologist 
interested in protein design. Candidates should have 
experience with a broad range of computational tools 
associated with protein structure and protein-protein 
interactions and have an interest in applying these 
tools to an exciting series of problems associated with 
vaccine design. The successful applicant will join a 
computational biology team that is integrated with VRC 
scientists working on the development of an effective 
HIV-1 vaccine. This team currently consists of several 
staff mentoring two postdoctoral fellows. 


The major goal of the computational biology team at 
the VRC is to enhance current HIV-1 vaccine design 
efforts. These efforts involve 1) crystallographic definition 
of a site of vulnerability on the HIV-1 env to antibody- 
mediated neutralization, 2) design of immunogens based 
on the vulnerable site, and 3) design of select binding 
ligands to decipher the elicited response. In addition to 
assisting with structure-based HIV-1 vaccine efforts, 
successful applicants will be encouraged to pursue 
independently other avenues of computational vaccine- 
design efforts for other viral diseases, including Ebola, 
Marburg, and influenza viruses. Interactions with 
graduate students and postdoctoral fellows related 

to protein production and computational design will 

also be encouraged. 


Salary will be based on the individual's qualifications 
and experience, in the range of $80,000 — $100,000 
This position is subject to a background investigation 


Ph.D. in biophysics or related field with experience 
in computational biology and with protein design 
Excellent oral and written communication skills 


> 


US DEPARTMENT OF HEALTH AND HUMAN SERVICES 
National Institutes of Health 


National Institute of Allergy and Infectious Diseases 


Submit a current curriculum vitae and three letters of reference. 


To apply or for more information, contact NIAID/VRC, c/o 
Vaccine Research Center Administrative Support Branch, 
Attn: Mrs. Renita Farrington, Building 40, Room 1118, 

40 Convent Drive, Bethesda, MD 20892-3013 or 


Applications are due by close of business July 31, 2011. 


For more information about NIAID and our available opportunities, 
visit us on the Web at| b 


SG 


National Institute of Allergy and Infectious Diseases 
Proud to be Eaual Opportunity Employers 


online @sciencecareers.org 


Science Careers 


REER Running 
CoENDS 


Download your 
free copy today. 


ScienceCareers.org/booklets| 


¢ Business Sense: Starting an Academic Lab 
¢ Lab Management: The Human Elements 
© Mind Matters: In Defense of Downtime 
¢ Funding Your Future: Publish or Perish 


If at First You Don’t Succeed, Cool Off, Revise, 
and Submit Again 


© Your Research in the Headlines: Dealing with 
the Media 


Science Careers 
RAVAAAS 


Brought to you by the AAAS/Science Business Office 


From the journal Science 


Chair, Department of Biological Chemistry 


and Molecular Pharmacology (BCMP) 


Harvard Medical School seeks a scientist of the highest distinction to serve as Chair, 
Department of Biological Chemistry and Molecular Pharmacology (BCMP). 
Candidates must have a MD and/or a PhD degree, a record of sustained scientific 
accomplishment in an area related to the department, and a demonstrated 
commitment to academic and educational leadership. The Chair will be charged 
with building upon and reshaping an already strong department based on a clearly 
articulated scientific vision, and will have the opportunity to play a key role in 
overall scientific leadership ax HMS, including a planned cross-department initiative 
in translational science and therapeutics. Formed in 1987 by the merger of historic 
Biochemistry and Pharmacology Departments, BCMP is the largest preclinical 
department of HMS, with core and affiliated faculty. Department research focuses 
on the molecular mechanisms of fundamentally important life processes, including 
structure and function of proteins; control of gene expression; mechanisms of DNA 
replication, recombination, and repair; organization and regulation of chromatin 
structure; biosynthesis of membrane lipids, carbohydrates, and proteins; chemical 
biology; principles of antibiotic and natural product synthesis, and morphological 
and Biochemieal. differentiation. of cells. Faculty are also deeply engaged. in 
technology development, including new methods for single-molecule studies, 
optical microscopy, nuclear magnetic resonance and x-ray crystallographic 
approaches for atomic resolution, protein analysis using mass spectroscopy, use of 
natural or synthetic organic molecules in biological studies, and high throughput 
methods for functional studies. ‘This recruiment is a rare opportunity {or an 
exceptional scientist to lead a great department, in an outstanding and highly 
collaborative school and university, and at a time of unusual scientific progress. The 
Chair will have access to resources and space appropriate to the goals for the future 
of the department. HMS offers a competitive salary and benefits package. 


Please send a letter of application or nomination, with curriculum vitae, to: 


Chair, BCMP Chair Search Committee 
Gordon Hall-Suite 101 


chool is an equal opportun action employer. We 
recognize the power and importance of a diverse employee population and strongly 
encourage applicants with various experiences and backgrounds. 


HARVARD MEDICAL SCHOOL 
i) 


Yamada Research Grant 
BES! 2011 


Yamada Research Grant aims to promote the latest and highly original studies 
from multiple points of view in the fields of preventive medicine or cosmetic 
dermatology using bee products and honeybee science. 


: ible researchers: 
1) Grant for Young researchers: Under 45 years old on April 1, 2011. 
2) Grant for Specific areas: No age restriction. 


2. Subject for research: 
1) Young researchers: 
* Preventive medical research on Anti-metabolic syndrome, Brain science, 
Anti-aging and Anti-locomotive syndrome. 
* Basic research on honeybees 
* Beekeeping technology research 


2) Specific areas: 

© Prevention of diabetes (focusing on insulin resistance) 
* Prevention of dementia 

* (Urgent theme) Prevention of radiation damage 


3. Grant amount: 

1) Grant for Young researchers: Between 1,000,000 and 3,000,000 Japanese 
Yen (approx.$10,000 - $30,000) per theme. 

2) Grant for Specific areas: Up to 10,000,000 Japanese yen (approx.$100,000) 
per theme, (Urgent theme) Total amount :4,000,000 Japanese yen. 


4. Language: English or Japanese 


5. How to apply: Applications should be filled out the specified format on the 
following website according to application guideline for this grant. 


The official website of Application for Yamada Research Grant 2011: 
ihttp://grant.bee-lab.jp/grant/grant_2011/gui e_eng.html 


6. Application period: From May 1 to June 30, 2011 at 5:00 p.m. (in Japan) 
(Urgent theme) From May 13 to May 31 at 5:00 p.m. (in Japan) 


7. How to inquire: Please send your questions to the secretaries of this grant, 
Yamada Apiculture Center, Inc. by e-mail:/bee-lab@yamada-bee.com 


WOMEN 


IN SCIENCE 


forging 
new pathways in 

green 

science 


Read inspiring stories 
of women working in 
“Green Science” 
who are blending 
a unique combination of 
enthusiasm for science 
and concern for others 
to make the world 
a better place. 


Download this 
free booklet 


IScienceCareers.org 


Science 


This booklet is brought to you by the 
AAAS/Science Business Office 
in partnership with the 
L'Oreal Foundation 


Department of Health and Human Services 
National Institutes of Health 
National Institute on Aging 
Intramural Research Program 


Staff Scientist - Animal Program Director 

The National Institute on Aging (NIA), a major research component of the National Institutes of Health 
(NIH) and Department of Health and Human Services (DHHS), is recruiting for a Staff Scientist-Facility 
Head who will serve as the Animal Program Director for the NIA Intramural Research Program (IRP). The 
incumbent will be responsible for an AAALAC accredited animal care and use program and for support of 
the animal research programs in the Institute, studying animal models of development and aging, and 
interventions to prevent or alleviate aging-related deficits. The supervisory and regulatory responsibilities 
of this position require the applicant to hold a veterinary degree (D.V.M., V.M._D., or equivalent degree) with 
certification or eligibility for board certification in laboratory animal medicine or veterinary pathology. 


a¢* * 


National Toatinue on Aging 


Applicants must have a proven record of management of an animal research program and demonstrated 
experience with the regulatory aspects of animal welfare. The expertise and experience should include, but 
not be limited to interaction and cooperation with scientific staff in a manner that promotes and facilitates 
their scientific programs. Duties will include cost-effective breeding and maintaining numerous transgenic 
and knockout lines (currently in excess of 600) including “difficult” lines, collaboration with scientific staff 
in effective production and import of new genetically manipulated lines, and, especially, in maintaining 
a current and accurate database on the colony status. The incumbent will take primary responsibility for 
the clinical aspects of the animal program and will oversee animal health surveillance and maintain both 
a barrier facility and a quarantine area. The incumbent will perform animal surgery and teach appropriate 
procedures to animal care and technical staff. 


Salary is commensurate with experience and accomplishments. The salary range for Staff Scientists is 
$89,033 - $173,826. A full Civil Service package of benefits (including retirement, health, life and long 
term care insurance, Thrift Fan Plan, etc.) is available. Additional information regarding the NIA, IRP 
is available at|http://www.gre.nia.nih.gov| To apply: Please send a cover letter, curriculum vitae, 
bibliography, statement of research interests, and three letters of recommendation electronically or by 
mail to: Peggy Grothe, Intramural Program Specialist; Office of the Scientific Director; National 
Institute_on Aging, 251 Bayview Boulevard, Suite 100-Room 04C232, Baltimore, MD 21224-6825. 
Email jgrothep@mail.nih,govPosition will remain open until filled; however, application reviews will 
begin on August 1, 2011. Please include the following vacancy number in all correspondence: Vacancy 
# NIA-IRP-11-02. 


y Wy 
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Careers with Mass Appeal 


Associate Professor Positions 
Department of Biological Sciences 


The University of Massachusetts Lowell is a comprehensive university with a national reputation 

in science, engineering and technology, committed to educating students for lifelong success in a diverse 
world and conducting research and outreach activities that sustain the economic, environmental and 
social health of the region. In February 2009, a campus-wide strategic planning initiative was launched 
to reposition UMass Lowell as a world-class institution over the next decide: A major component of 
that initiative is to ensure that diversity and inclusion are in every aspect of our strategic plan. We seek 
a diverse talented candidate pool to be part of our mission and achievements. 


Position Description: The University of Massachusetts Lowell Department of Biological Sciences invites 
applications for full-time tenure-track faculty positions, rank negotiable, to start September 2012 or 
thereafter. The successful candidates will be expected to have a vigorous, externally funded research 
program, and collaboration within this and other departments is encouraged. 


Current faculty research interests include genetics, neurobiology, cancer biology, invertebrate biology, 
developmental biology, virology, microbial ecology, evolution, and biogeochemistry. Our campus is 
located very near the vibrant academic and commercial biotechnology centers of Boston, Cambridge 
and Worcester. 


We are seeking established mid-career individuals with expertise in one or more of the following areas: 
molecular/cell biology, plant science, integrative zoology, vertebrate physiology, comparative vertebrate 
structure/biomechanics, and/or evolutionary developmental biology. Teaching obligations include 
development of upper level undergraduate/graduate courses in his/her area of expertise and 
participation in the teaching of core undergraduate courses as needed. 


Minimum Qualifications: earned doctorate (must have at the time of application); demonstrated 
teaching ability at the undergraduate and graduate levels; evidence of a sustainable externally funded 
research program; demonstrated publication record in scholarly journals; excellent communication and 
interpersonal skills and demonstrated ability to work with diverse student and faculty population. 


How to apply: Interested applicants should apply online at[https://jobs.uml.edu] Candidates should 


submit a curriculum vitae, copies of several recent research publications, a statement of research and 
teaching interests, not to exceed three pages, and names and contact information of three references. 
Thank you for considering the University of Massachusetts Lowell as an employer of choice. We look 
forward to receiving your application. 

The University of Massachusetts Lowell is committed to increasing diversity in its faculty, staff, and student 


populations, as well as curriculum and support programs, while promoting an inclusive environment. We seek 
candidates who can contribute to that goal and encourage you to apply and to identify your strengths in this area. 


online @sciencecareers.org 


Science Careers 


Get a Career Plan that Works. 


; An exceptional career requires insightful planning and management. 5 
That’s where Science Careers comes in. From job search to career Science Careers 
enhancement, Science Careers has the tools and resources to help 

you achieve your goals. Get yourself on the right track today and get a 


real career plan that works. Visit|ScienceCareers.org| ScienceCareers.org| 


From the journal Science MVAAAS 
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National Aeronautics and Space Administration 


NASA AMES RESEARCH CENTER 
Research Scientist Position 


WORK WITH NASA AMES TO DEFINE THE FIELD OF 
SPACE SYNTHETIC BIOLOGY 


Building on decades of cutting edge scientific achievements, NASA 
Ames Research Center is creating a new, interdisciplinary, research 
effort to use synthetic biology as an enabling technology to explore our 
solar system. 


As a recognized expert and leader, you will establish a Center for Space 
Synthetic Biology and play a key role in defining the field. You will direct 
start-up funds (subject to appropriation) intended to fund your salary, 
lab equipment, graduate students, and post-doctoral students, and grow 
research capabilities to build this center into a world-renowned establish- 
ment. You will recruit and lead research teams, compete for grants, and 
collaborate with others within and outside of NASA. 


The Center for Space Synthetic Biology at NASA Ames Research Center 
is being created to harness biology in reliable, robust, engineered systems 
to support NASA's exploration and science missions, to improve life on 
Earth, and to help shape NASA’s future. 


At NASA, your research could change the world, and enable exploration 
of new ones. 


US Citizenship is required. 


Interested applicants should apply directly to USAJobs to vacancy 
number AR11B0066 at 


NASA Ames Research Center does not discriminate in employment 
on the basis of race, color, religion, sex, national origin, political 
affiliation, sexual orientation, gender identity, marital status, 
disability and genetic information, age, membership in an employee 
organization, or other non-merit factor. 


HEEMKAG RARE SRK 


School of Basic Medical Sciences, 
Nanjing Medical University, CHINA 


Full /Associate Professor Positions 


The School of Basic Medical Sciences, Nanjing Medical University, China was 
ranked No. 9 in the overall ranking in the nationwide discipline evaluation 
(basic medical sciences) of academic degree and graduate education carried 
out in China in 2009. Now we sincerely invite applications for full-time faculty 
positions, at academic ranks of Associate or Full Professor. Individuals with 
demonstrated accomplishments in, but not limited to, the following areas are 
encouraged to apply: 


Research Areas Number 
Areas of Human Anatomy 23 
Areas of Reproductive Medicine 

Areas of Pathology 

Areas of Pathophysiology 

Areas of Human Parasites and Vector Biology 

Areas of Medical Microbiology 

Areas of Immunology 

Areas of Pharmacology 

Areas of Forensic Medicine 

Areas of Oncology 

Areas of Human Physiology 

Areas of Cell Biology 

Areas of Development and Genetics 

Areas of Neurobiology 

Areas of Bioinformatics 


Interested individuals, regardless of their nationalities, should submit a detailed 
letter of interest, curriculum vitae, PDFs of three of their best publications, 
and two letters of recommendation to: Jicheng Guo 

Changliang Zhu Ph.D. [elzhu@njmu.edu.cn}, School of Basic Medical Sciences, 
Nanjing Medical University, 140 Hanzhong Road, Nanjing, Jiangsu 210029, 


China. The positions are available immediately. Applications will be evaluated 
by faculty search committee upon receipt until the positions are filled. 


Associate Chief of Staff (ACOS) for 
Research and Development 


The Department of Veterans Affairs Medical Center (VAMC), Syracuse, 
New York seeks an ACOS for Research and Development. The Syracuse 
VAMC is an active teaching hospital affiliated with the State University 
of New York Upstate Medical University (SUNY UMU). We are seeking 
the right individual to further develop and grow our research program. 
Current research areas include Infectious Disease, Medical Oncology, 
Vascular Biology, Neuroscience and Physiology, Behavioral Health, Trau- 
matic Brain Injury and Post Traumatic Stress Disorder. The Syracuse 
VAMC is nearing completion of a 150,000 square foot clinical addition 
that will house a state of the art 30 bed Spinal Cord and Traumatic Brain 
Injury Center. We are especially interested in expanding our research 
activities in this emerging area. 


The ACOS for Research and Development is expected to have a strong 
record of funded research and experience in fostering inter-institutional 
relationships and building regional research programs. This position 
involves strong administrative leadership for continued program com- 
pliance and development. Interactions with the leadership at the affiliate 
SUNY UMU is an important element of the incumbent's duties. The suc- 
cessful candidate will be responsible for programmatic growth including 
recruitment of clinical and basic scientists, faculty development, research 
mentorship, and planning the design and renovation of research facilities. 
Applicants must be United States citizens, possess an M.D. and/or Ph.D., 
and qualify for a corresponding academic appointment at the Associate 
or full Professor rank at the SUNY UMU College of Medicine. 


Interested candidates should submit a cover letter and current CV to 
Deborah Collins, Administrative Officer, Research Service (151), 
Syracuse VA Medical Center, 800 Irving Avenue, Syracuse, New 
York 13210 or fax to (315) 425-4871. CVs will be accepted until the 


position is filled. Information on tate New York VISN 2 VA Health- 
care Network can be found at{wwwvisn2.va.govl 


The Syracuse VAMC is an Equal Opportunity Employer. 


Dean Search, Bilkent University, Ankara 


Bilkent University, Ankara, invites applications or nominations for the 
position of Dean of Faculty of Science, which comprises Departments of 
Chemistry, Mathematics, Molecular Biology and Genetics, and Physics. All 
the departments have both undergraduate and graduate programs. 


The primary goals of the Faculty of Science are (1) educating future 
leaders of Science in an environment that fosters “cultures of creativity,” 
(2) conducting cutting-edge research with worldwide impact in several 
sub-disciplines, and (3) providing an exemplary research environment 
for faculty. 


The Dean is expected to have a broad understanding of the Sciences along 
with the following qualities and qualifications: 


Scholarly stature, credentials, and intellectual acumen; 

Academic vision and leadership; 

Readiness to pursue a flexible strategy to foster excellence in teaching 
and research; 

Adequate qualifications for an appointment as (full) professor in one 
of the departments of the Faculty; 

Administrative experience to manage a complex and research oriented 
Faculty. 


Bilkent University is recognized and ranked internationally as the premier 
institution of higher education in Turkey. The medium of instruction at 
Bilkent is English. Its international community of scholars and students 
forms an essential component of academic programs, research activities, 
and social life. The university campus is located 12 kilometers from the city 
center and offers easy access to the city’s parks, shopping centers, cultural 


activities, museums, and entertainment venues [www.bilkent.edu.tr). 


Applications or nominations should include a CV and a letter outlining 
the applicant’s philosophy of being a dean of a faculty of Science in a 
prominent research university, and should be sent to Ms. Birgiil Bulut 
(bbulut@bilkent.edu.tr). The deadline for applications is November 1, 
2011. The new Dean will be appointed as of September 1, 2012. 


online @sciencecareers.org 
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POSITIONS OPEN 


poe Agricultural 
Research 
| ice 


WW. ars. [uww.ars.usda.gov] g0¥ 


RESEARCH LEADER 
Commodity Protection and Quality Research Unit 
Parlier, CA 


Supervisory Research Entomologist/Supervisory 
Research Geneticist/Supervisory Research 
Chemist/Supervisory Research Plant Pathologist/ 
Supervisory Research Plant Physiologist Salary 
Range of $96,690 to $147,857 USD 


Announcement Open: May 24, 2011 to June 21, 
2011 

The U.S. Department of Agriculture (USDA), Agri- 
cultural Research Service (ARS), Commodity Protection 
and Quality Research Unit in Parlier, California is seek- 
ing a permanent, full-time scientist to lead a dynamic/ 
diverse research group and to conduct personal research 
targeted at developing strategies to effectively manage 
insect and plant pathogen pests associated with fresh 
and stored horticultural commodities postharvest while 
maintaining the quality of these commodities. This po- 
sition provides an exciting leadership opportunity to 
contribute to development of strategies to meet require- 
ments that ensure, maintain, and expand domestic and 
foreign export markets for U.S. commodities, and to 
promote a sustainable, safe, and nutritious food supply 
for consumers in the U.S. and around the world. The 
Unit is part of the San Joaquin Valley Agricul- 
tural Sciences Center, a state-of-the-art research fa 
(since 2001) on 125: acres in the agriculturally diverse 
heartland of Central California. The unit enjoys stable 
annual funding and excellent collaborations with the 
University of California at Berkeley, Davis, and Riverside 
researchers as well as several commodity groups. The city 
of Parlier offers a small-town, rural atmosphere within 
a short distance from Fresno. Yosemite and Sequoia 
National Parks, as well as Pacific Ocean beaches along 
the central coast of California, are within short- 
drives from the surrounding Fresno-Parlier areas. A 
Ph.D. is highly desirable. 

For details and application directions, a full-text va- 
cancy anpencemen may be obtained via the = 


. U.S. Citizenship is required. uations 
about the position may be directed to Dr. Edwin 
Civerolo, center director, telephone: 559-596-2702 
or e-mail: An attractive 
Federal benefits package is available. Applications must 
be received by June 21, 2011. 

USDA/ARS is an Equal Opportunity Employer and Provider. 


The Department of Radiation Oncology at the Uni- 
versity of Pennsylvania’s School of Medicine seeks can- 
didates for an ASSISTANT PROFESSOR position 
in the non-tenure research track. Applicants must have 
a Ph.D. or equivalent degree and have demonstrated 
excellent qualifications in research. 

The candidate must have evidence of research ex- 
perience in the study of biological materials including 
cells in culture or isolated organs and knowledge of free 
radical chemistry and anti-oxidant defense. Expertise in 
enzymology and protein chemistry is desirable. 

The successfull candidate will be expected to develop 
an independent research program in related to signaling 
by oxygen radicals, will be responsible for the direc 
tion of a funded research program in mechanisms of 
NADPH oxidase activation, and will supervise the 
immunobiological reagents and participate in the col- 
laborative research programs of the Institute for En- 
vironmental Medicine. 

The University of Pennsylvania is an Equal Opportunity/ 

i tion Employer. Women and minority candidates are 
submit curriculum vitae, ab 


jenn.edu/a 


s /faculty_ad /inde: 


1226 


3 JUNE 2011 


POSITIONS OPEN 


MICROBIOLOGY FACULTY POSITION-Mercer 
University School of Medicine 
Savannah, GA Campus 

Mercer University School of Medicine invites appli- 
cations for a full-time tenure-track (rank open) micro- 
biology faculty position in the Department of Biomedical 
Sciences at the Savannah, Georgia campus on the site 
of Memorial Health University Medical Center. The 
basic science curriculum at Mercer University School 
of Medicine is presented in an interdisciplinary, clini- 
cally relevant, problem-based learning format. Candidates 
must have a doctoral degree (Ph.D., MD, or equivalent) 
and postgraduate experience in medical microbiology. 
A demonstrated ability to develop an independent re- 
search program capable of attracting extramural fund- 
ing is strongly desired. Suitable laboratory facilities 
and startup package will be provided. For a full descrip- 
tion, quali ions, and to apply, please go to website: 


Afirmative Acton Equal 


Opportunity Employer/ADA. 


FACULTY POSITION 
Department of Neurology 
Columbia University 


The Department of Neurology at Columbia Univer- 
sity and NewYork-Presbyterian Hospital are recruiting a 
new faculty member at the ASSISTANT PROFES- 
SOR level to engage in clinical activities and clinical 
research at the Allen Pavilion. Qualified applicants must 
have completed residency training in neurology, a fel- 
lowship in vascular neurology, and possess relevant 
research experience and demonstrated potential as an 
independent investigator. Protected research time and 
appropriate resource support will be provided. 

M.D., board certified in neurology, with specialty 
training in vascular neurology (fellowship or equivalent). 
Faculty rank is expected to be at the Assistant Professor 
level, commensurate with experience and achievement. 
External research funding is preferred. 

Qualified candidates should send a letter of interest 
and curriculum vitae in Word format to: 


Richard Mayeux, M.D., M.Sc. 
622 West 168th Street, P&S Box 16 
New York, NY 10032 


“olumbia University ts an Equal 
tion Employer. 


CAREER OPPORTUNITY—Doctor of Optom- 
etry (O.D.) degree in 27 months for Ph.D.s in sci- 
ence and M.D.s. Excellent career opportunities for 
O.D.-Ph.D.s and O.D.-M.D.s in research, educa- 
tion, industry, and clinical practice. This unique pro- 
gram starts in March of each year, features small 
classes, and 12 months devoted to clinical « 

Contact the Admissions Office, telephone: 800- 
824-5526 at: The New England College of Op- 
tometry, 424 Beacon Street, Boston, MA 02115. 
Additional information at_website: 
or by e-mail: 


Find your 
future here. 


Science Careers 


iwww.ScienceCareers.ore 


Nontraditional 
Careers: 


Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


Produced by the 
Science/AAAS Business Office. 


Science Careers 


From the journal S¢ 


VOL 332 SCIENCE 


“A dream told me to 
do it.” 


Dr. Carl Alving 
on his inspiration 
for inventing 
the vaccine patch. 


Carl R. Alving, M.D. 

Chief of the Department of Adjuvant & Antigen Research, 
Division of Retrovirology 

at the Walter Reed Army Institute of Research 

AAAS member 


MemberCentral is the new website that looks at science through the eyes of AAAS members. It 
celebrates their achievements—like Dr. Alving’s vaccine patch—and their shared belief in the 
transformative power of science. Use MemberCentral to connect with other members, learn 


about work being done in other fields, and get fresh perspectives on issues ranging from 


speciation to STEM education. 


Visit MemberCentral today and get to know the mY AAAS 


MEMBERCENTRAL 


AAAS member community in a whole new way. 


MemberCentral.aaas.org 


Blogs | Videos | Webinars | Discounts | Downloads | Community 
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One Tag" DNA Polymerase 


The ONE polymerase for your endpoint PCR needs 


Robust yield with minimal optimization 
Ideal for routine, AT- or GC-rich templates 


Hot start and master mix versions available 


‘NEW ENGLAND 
e 


Request a sample at 


io Labs... 


enabling technologies in the life sciences 
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Standard Reaction Buffer GC Reaction Buffer 
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Plus High GC Enhancer 


Amplification of a selection of sequences with varying AT and GC content 
from human and C. elegans genomic DNA, using OneTaq DNA Polymerase. 


